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MONG the papers to appear in the Journal are a 
A group devoted to the subject of limestone reefs. 
These papers, which will be published together in a single 
issue of the Journal, include: 

“Captain Barrier Reef, Texas and New Mexico.” By JoHN 
Emery ApAMs and Hucu N. FRENZEL 

“The Lower Carboniferous Reef Limestones of Northern 
England.” By Grorrrey Bonp 

“Recent and Pleistocene Coral Reefs of Australia.” By 
Ruopes W. FAIRBRIDGE 

“Organic Growth and Sedimentation on an Atoll.” By 
H. S. Lapp, J. I. Tracey, J. W. Weis, and K. O. 
EMERY 

“Summary of Russian Papers on Upper Paleozoic Reefs.”’ 
By MELVIN N. LEVET 

‘“‘Niagaran Reefs of the Great Lakes Area.” By Hetnz A. 
LOWENSTAM 

“Silurian Reefs of Gotland.”’ By AssAak HADDING 


We are pleased to announce that the Journal of Geology 
will now be available in microfilm form. Complete Journal 
volumes may be obtained in a single roll of positive micro- 
film on adequately labeled metal reels at a cost of approxi- 
mately one-fourth of a cent per page, which is about equal 
to that of preserving them in conventional library binding. 
Sales will be restricted to those subscribing to the paper 
edition, and the film copy will be distributed only at the 
completion of the volume year, which ends with the 
November issue. Inquiries concerning purchase should be 
directed to University Microfilms, 313 North First Street, 
Ann Arbor, Michigan. 
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ABSTRACT 


The formations of central and east-central Vermont are exposed as a series of parallel belts that strike 
nearly north. Most of the rocks dip steeply, and many are overturned. With one possible exception, there 
seem to be no major repetitions within the sequence, and the order of formations from west to east appears 
to be the same as the order of their deposition. The formations are dominantly schist or phyllite, with vary- 
ing proportions of arenaceous material. One thin formation, the Shaw Mountain, contains quartz conglom- 
erate, calcareous tuff, and crinoidal limestone. The third-frorm-highest formation, the Waits River, is very 
thick and contains a large proportion of calcareous beds. The distance from the base of the lowest formation 
to the top of the highest, measured normal to bedding, is more than 100,000 feet; this large apparent thick- 
ness is believed to be not very much greater than the origina! thickness 

The metasediments have been intruded by granitic dikes and plutons, mafic dikes, and smal] ultramafic 
plutons 

Two principal stages of deformation are distinguished. During the earlier stage the rocks were folded, and 
a schistosity was developed nearly parallc] to bedding. Throughout the area the minor folds of this stage indi- 
cate a consistent upward movement of rocks on the east with respect to those on the west. The folds plunge 
at low to moderately steep angles, typically northward. 

Phenomena associated with the later stage of deformation decrease in intensity both eastward and west- 
ward from the belt underlain by the calcareous Waits River formation. At a distance from this formation, 
the rocks have prominent slip cleavage, and the earlier schistosity is folded. The minor folds plunge moderate- 
ly to steeply northward on the western side of the area and more gently northward on the eastern. As the 
Waits River formation is approached, slip cleavage passes gradually into a schistosity that obliterates the 
earlier schistosity, and the intensity of later folding increases. In both the eastern and the western parts of 
the area the later minor folds indicate that the rocks of the Waits River formation have moved upward with 
respect to the formations on either side. 

The central! part of the belt underlain by the Waits River formation is marked by a huge arch, 10-20 
miles across, whose axis is more or less paraiie! to the belt and plunges gently northward. This is shown to 
be an arch, not in bedding, but in the later schistosity and in the axial planes of large isoclinal folds that j 
were formed during the later stage of deformation. The axial planes of three of these large isoclina! folds can 
be correlated across the crest of the cleavage arch at Strafford Village. 


INTRODUCTION of the beds trend north, parallel to the 
he part of Vermont that lies east of mountains farther west, and have steep 
the Green Mountains is underlain by a __ to vertical dips. Despite profound defor- 
great thickness of Paleozoic metasedi- mation, the upturned edges of the strati- 
mentary and metavolcanic rocks. Most graphic units crop out as a monotonously 
' Published by permission of the Director, US. parallel series of bands throughout most 
Geological Survey. Manuscript received December of the region and suggest a relatively un- 
Ig, I . 
broken sequence of formations flanking 
2 1033 Mine Street, Calumet, Michigan. ‘ . 
the core of the Green Mountains proper. 
California Institute of Technology, Pasadena, 
California. lhe rocks of the region are dominantly 
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arenaceous and argillaceous, but one for- 
mation is distinguished by an abundance 
of calcareous beds. This was originally 
mapped as the “‘calciferous mica schist”’ 
by E. Hitchcock (1861, pp. 475~488, pl. 
1), who traced it as a continuous belt, 
2-25 miles wide, from the Canadian bor- 
der to the southern boundary of Ver- 
mont. In central Vermont this calcareous 
formation lies within a few miles of the 
eastern boundary of the state, and in this 
latitude it is coextensive with a large area 
of complex structure that stands in sharp 
contrast to the simple structure of the 
arenaceous and argillaceous rocks in 
areas farther east and farther west. A 
preliminary description and a map of 
these areas are presented in this paper. 

Figure 1 shows the location and extent 
of the area described here. The areas 
studied by the individual authors, as well 
as the source of information on other 
areas, is indicated in figure 2. Most of the 
work was done in connection with map- 
ping programs of the U.S. Geological 
Survey during the period 1937-1946. 
White mapped the Woodsville area in 
connection with his graduate studies at 
Harvard University. 

During the course of the field investi- 
gations the writers planned to complete 
a study of the entire area before publish- 
ing their findings, but subsequently they 
were forced to postpone completion of 
this program by other, more pressing 
duties and commitments. Additional 
field work, lasting for several seasons, 
will be required before a full report on the 
structure and stratigraphy of the region 
can be attempted. Many important 
problems remain to be solved, in part 
because large areas in the East Barre and 
Randolph quadrangles, embracing criti- 
cal structural and stratigraphic features, 
are yet unstudied. For this reason the 
writers here present a description of the 
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area with more emphasis on the geo- 
metrical relationships than upon the 
mechanisms by which the various struc- 
tural features were developed. Some ref- 
erence to processes is inevitable, but such 
reference may be considered incidental 
to the primary purpose of this paper: to 
offer a preliminary geologic map and de- 
scription of the area as a whole in the 
hope that, despite the gaps, these data 
will be of value to other workers in near- 
by areas and to all students of Appalachi- 
an geology. 

None of the quadrangles mentioned 
above makes a satisfactory stratigraphic 
or tectonic unit in itself, and a knowledge 
of the geology in each is essential to an 
understanding of that in the others. For 
this reason the writers have conferred 
frequently during all stages of the work, 
and many of their ideas have been devel- 
oped co-operatively from independent 
beginnings. This paper is intended as a 
summary of more detailed discussions 
that the writers expect to publish indi- 
vidually, and parts of it are necessarily 
mere abstracts of these more detailed de- 
scriptions. More than half the geologic 
map presented herein (fig. 2) was the 
product of the writers’ own field work, 
but many gaps have been filled in from 
the other sources indicated. The prepara- 
tion of the text was shared equally by 
both authors. 

The region has been described, as a 
whole or in substantial part, by Edward 
Hitchcock (1861), C. H. Hitchcock 
(1912), Richardson (1902, 1906, 1919), 
and Doll (1945). The earlier studies were 
carried out by rough reconnaissance 
methods at times when few accurate base 
maps were available, and it is scarcely 
surprising that many geologic boundaries 
on the older maps are mislocated by a 
mile or more. In contrast, the recent re- 
port on the geology of the Strafford 
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quadrangle is accompanied by a good 
map of the area, if appropriate allowance 
is made for inaccuracies in the old topo- 
graphic map that Doll was obliged to use 
as a base. The writers are inclined to dis- 
agree fundamentally, however, with his 
interpretation of a large arch that is the 
dominant structural feature in the area. 
Doll, following the earlier writers, re- 
gards this arch as a simple anticline, 
whereas it actually seems to be a rela- 
tively late structural feature superim- 
posed on rocks that were already highly 
deformed. 


STRATIGRAPHY 
GENERAL FEATURES 


The rocks of east-central Vermont are 
bounded on the east by the Monroe 
fault, a major structural break (Eric, 
White, and Hadley, 1941). It trends 
north to north-northeast (fig. 2) and dips 
vertically to steeply east or west. Dis- 
placement along this fault is very large, 
and no direct correlation between beds 
on opposite sides has been achieved thus 
far. Neither the direction nor the amount 
of movement is known. The principal 
movement antedated much of the meta- 
morphism and deformation of the adja- 
cent rocks. 

The Monroe fault forms the boundary 
between two different groups of Paleo- 
zoic rocks. For convenience the group on 
the west is here termed the Vermont se- 
quence, and that on the east the New 
Hampshire sequence. The New Hamp- 
shire sequence has been fully described 
by Billings (1937, pp. 472-495 and fig. 
2), Hadley (1942, pp. 117-134), and 
others and includes metamorphic rocks 
ranging in age from Ordovician to early 
Devonian. No rocks of the New Hamp- 
shire sequence lie west of the Monroe 
fault and within the area described in 
this paper, although some units in the 
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Vermont sequence may be equivalent in 
age to some of those in New Hampshire 
to the east. Only the rocks of the Ver- 
mont sequence are involved in the struc- 
tural problems discussed in the follow- 
ing paragraphs. 

A very thick Paleozoic section is ex- 
posed between the Green Mountains and 
the Connecticut River in central and 
east-central Vermont. The rocks occur, 
in general, as a steeply dipping homo- 
clinal series. All formation boundaries 
cross the area from north to south, and 
many are remarkably straight, even in 
detail. As one traverses the area in an 
east-west direction, one passes over suc- 
cessive formations, each distinct in one 
way or another from the others. With a 
single exception, there are no major repe- 
titions of lithologic units or groups of 
units that would suggest the presence of 
very large-scale thrusts or isoclinal folds. 
Many faults and isoclinal folds are pres- 
ent in the area, to be sure, but most of 
those that have been recognized are rela- 
tively small, and only parts of the thicker 
formations are repeated by them. Most 
of the folds and faults lie entirely within 
the outcrop areas of single formations, 
and hence few cause appreciable offsets 
or other irregularities in formation 
boundaries. Although the outcrop 
breadths of formations may be somewhat 
different from their original thicknesses, 
owing to the presence of folds and faults, 
the writers have concluded that the suc- 
cession of stratigraphic units is unbroken 
on a regional scale and that the present 
west-to-east sequence of these units cor- 
responds essentially to their order of 
deposition. 

The dip of beds, because of prevailing 
steepness, cannot be reliably used to de- 
termine top and bottom of the section. 
Fortunately, however, there is other evi- 
dence for the relative ages of the rocks: 
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(1) A basal conglomerate of one forma- 
tion, exposed in the Barre quadrangle, 
contains rock fragments derived from the 
next formation to the west (Currier and 
Jahns, 1941, p. 1502), which indicates a 
westward increase in the age of the sec- 
tion. (2) Entirely compatible with this 
are the orientations of ripple marks and 
cross-bedding in several quartzite beds 
farther down in the section. (3) Intrin- 
sically less reliable as evidence of top and 
bottom are the prevailing pattern and at- 
titude of minor folds and the relation of 
bedding to cleavage; these are described 
more fully in connection with the struc- 
ture of the area. These small-scale struc- 
tural features also indicate that the for- 
mations are progressively older from east 
to west. 

All the stratified rocks and some of the 
igneous rocks have been metamorphosed. 
The metamorphism was both dynamic, 
as shown by widespread foliation with 
oriented micas, and thermal, as revealed 
by the porphyroblastic growth of high- 
temperature metamorphic minerals. In 
the region as a whole, the thermal peak 
of the metamorphism postdated most of 
the dynamic metamorphism. Numerous 
large porphyroblasts of chlorite, musco- 
vite, biotite, garnet, and staurolite cut at 
random across cleavage planes and are 
typically unbroken and unrotated except 
in the areas of highest thermal meta- 
morphism. 

A tentative stratigraphic column of the 
rocks of the Vermont sequence, as ex- 
posed in the Barre quadrangle, is shown 
in figure 3, and the individual formations 
are briefly described below. Fuller de- 
scriptions, including discussion of the re- 
gional metamorphism, are being pre- 
pared for detailed reports on individual 
quadrangles within the large area treated 
in this paper. 

The thicknesses of the various strati- 


graphic units are discussed separately 
after the lithologic descriptions. 


PINNEY HOLLOW SCHIST OF PERRY 


The Pinney Hollow schist, at the base 
of the section considered in this paper, is 
underlain by a thick series of quartzose 
schists, quartzites, dolomites, and con- 
glomerates that forms the core of the 
Green Mountains. It is the lowermost 
stratigraphic unit thus far traced for any 
considerable distance in central Vermont 
and is known to extend north for more 
than 70 miles from the type area in the 
township of Plymouth (Perry, 1929, p. 
24) to points north of Stowe. The 
breadth of outcrop of the Pinney Hollow 
rocks is more than 12,000 feet in the lati- 
tude of Rochester and is at least 11,000 
feet near Warren. In the Rochester and 
Lincoln Mountain quadrangles (fig. 2) 
the outcrop belt is traversed at very 
acute angles by the White River and the 
Mad River; it also includes some steeply 
sloping highiand areas. 

The dominant rock types in the Pin- 
ney Hollow schist are fine-grained, thinly 
laminated quartz-sericite-chlorite phyl- 
lite and schist, and coarser quartz-chlo- 
rite schist of characteristic bluish to blu- 
ish-green color. The latter may well be of 
volcanic origin. The two general rock 
types are intergradational, both along 
and across the strike. Thin beds of im- 
pure quartzites are locally conspicuous 
near the base of the formation, and thin 
beds of dark-gray to black schist and 
phyllite occur in the upper third of the 
formation. Very thin and platy beds of 
buff dolomite and limestone also are 
present near the top. Most of the chlo- 
ritic schist and phyllite beds contain 
abundant metacrysts of sodic plagio- 
clase, especially in that part of the belt 
north of Rochester. This albitization 
clearly postdates all folding, as well as 


| q 

an 
4 
q 
= 
4 


EAST BARRE QUAD. 


Fink 


7 


BARRE QUAD. 


logic may 


Fic. 2.—Preliminary geo 


f 39 40 ~ 
Ot! ‘ w ~ 1 
PH «| South 
wR sp 
pol 


7 viie EXPLANATION 


8 
a 


IGNEOUS AND METAMORPHIC ROCKS, 
anc 


[ ™ | MEETINGHOUSE SLATE 


_GM@] GILE MOUNTAIN FORMATION (including rocks 
GM | designated GM(), that are beluwed to be equivalent) 


WAITS RIVER FORMATION (including 


STANDING POND AMPHIBOLITE 
MEMBER of Doll / 


| NORTHFIELD SLATE 


SHAW MOUNTAIN FORMATION 


CRAM HILL FORMATION AND ARENITES OF 
[ acu | THE BRAINTREE-NORTHFIELD RANGE, 
yNDIVIDED 


on ] OTTAUQUECHEE PHYLLITE OF PERRY 


| PH PINNEY HOLLOW SCHIST OF PERRY 
INTRUSIVE IGNEOUS ROCKS (sawn in 
[ areas of Vermont- sequence rocks only) 


“ Strike and dip of slip cleavage or late-stage 
4 schistosity 
Strike of vertical slip clea or late- 
vage stage 
schistosity 


™ Strike and dip of bedding and essentially 
parallel early-stage schistostty 


———— ~~ Foult; dashed where approximately located 
boundary; dashed where approximately 
ed 


loca 
' 2 5 4 


Scale in miles 


SOURCES OF GEOLOGIC INFORMATION 
Unpublished except as noted 


fi 


Dol! 
vel» 
State _) 


map of central and east-central Vermont 


SHO 
WR River |] wooos- 
Corinth Ping 
cou ! 7 
° cu 7) 
30 Qa 
x 
irlee la NH | 
/ = 
f 
72 


quod ueddn 
Ssnoscus.w peppeqsew) 


oove puo Aoub aundwiy 
= 0062 @30)¢ j020) 
9319146 - 93/40/49 - 
@90q 30 Jeqwew 
“Speq erjssow 03 NOLLWWHOS 
42019 03 Aout) ‘doz 40 
O01 | 260q 40 378/496 NOILVINWOS 
002) puo euczseu) peppeg-uiy) 
(000% puo euczsew); peppeq-4214 
= 009 | puo euczsewi) pepped-ulyy 
|| 
-~ pus euczsewi; peppeq 
(0001! 
peppeg -42143 soujw SLIVM 
puo 
Peppedq - 414] 


| (2) NIVLNNOW 37119 


| 
| 
4 


puo 


ASOTOHLIN 


Jat 
4 


JO 2804) Se ay) “By UI (4) SB UMOYS ay) JO (1) 
Ul Passnostp ‘suoNdumnsse Om} Jo 94} UO (2) UMOYsS 


40 
LSIHOS 
MOTION 
puo Peppequezu; 
-2340Nb puo 93/40/49 - 
40 
23101496 - 9340/42 - ywuOpungo 
yw Aoub peppeq-y2143 33HO3NONWLLO 


puo 931\\Ayd ys0p peppequezuy 


SUIOWUNOLT 
$2 buojo ssjeub 
“FSIYIS - 83/40/49 - 


puo Aoub peppequezu} 


- 


az;wojop Aoub 03 
-2z40nb Ajuiyy 
30 


oov2 2:3/2240Nb peppequezu| 
| yum puo Aoub aunduiy 


> 

s 


184 


the dynamic metamorphism of the rocks. 
It bears no direct genetic relation to 
stratigraphy, although the abundance of 
the feldspar varies greatly with lithologic 
variations in the host rock. Such albitiza- 
tion has strongly affected most of the 
schists and gneisses in the Green Moun- 
tain region of central and northern Ver- 
mont. 


OTTAUQUECHEE PHYLLITE OF PERRY 

The Ottauquechee phyllite, named by 
Perry (1929, p. 27) from excellent expo- 
sures on the Ottauquechee River in the 
township of Bridgewater, consists of such 
distinctive rock types that it constitutes 
a valuable marker unit in a very thick 
and otherwise monotonous noncalcare- 
ous section. Dark-gray quartzose phy]l- 
lite, thick-bedded, green to dark-gray 
vitreous quartzite, and pale to bluish- 
green quartz-chlorite-sericite schist and 
impure quartzite are intimately inter- 
bedded. They grade into one another 
along the strike in such an irregular man- 
ner that the formation is not readily di- 
visible into separate members. 

Several hundred feet of quartzite and 
interbedded schist and phyllite lie near 
the middle of the Ottauquechee section 
for a strike distance of about 18 miles 
north from Rochester. For a somewhat 
shorter distance the base of the forma- 
tion is marked by a second quartzite-rich 
zone at least 300 feet thick. Elsewhere 
the transition between the Ottauquechee 
phyllite and the underlying Pinney Hol- 
low schist is marked by a downward gra- 
dation from interlayered green schist, 
gray phyllite, and platy greenish quartz- 
ite to green schist with very minor 
quartzite. In many places this transition 
zone is broad and poorly defined; where 
relations are further complicated by mi- 
nor folding and shearing, the boundary 
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between the two formations cannot be 
precisely assigned. 

The Ottauquechee phyllite underlies 
areas of low to moderate relief. It is 
6,000-8,500 feet wide and, for much of 
its length, is flanked by the Braintree- 
Northfield Range on the east and by a 
narrow ridge of schist and phyllite of the 
Pinney Hollow on the west. The area un- 
derlain by the Ottauquechee is perched 
600-700 feet above the valleys of the 
White River and Mad River, which are 
little more than a mile to the west. 


ARENITES OF THE BRAINTREE-NORTH- 
FIELD RANGE 

Above the Ottauquechee phyllite is a 
very thick sequence of arenaceous rocks 
that is not readily divisible into strati- 
graphic units of great continuity. These 
rocks include the “Bethel schist,”’ “chlo- 
rite schist,”’ “hydromica schist,” “lower 
Cambrian rocks,” most of the “Missis- 
quoi group,”’ and some of the “Algonkian 
rocks” of Richardson (Richardson, 1916, 
19196, 1924, 1927; Richardson and 
Camp, 1919; Richardson and Cabeen, 
1921, 1923) and are here termed 
“arenites of the Braintree-Northfield 
Range,”’ pending a more detailed de- 
scription and_ stratigraphic analysis. 
They underlie Braintree Mountain and 
the Northfield Mountains and extend 
east and west to the valleys that flank 
this range. The outcrop belt is 42,000 
feet wide immediately north of the 
Barre and Lincoln Mountain quad- 
rangles but tapers somewhat to the 
south. In general, the country underlain 
by these rocks is rugged, with narrow 
valleys and steep, locally irregular slopes. 
The characteristic dark-colored phyl- 
lite and quartzit beds of the Ottauque- 
chee phyllite ae overlain conformably 
by greenish quartz-chlorite-sericite schist 
that in many respects is like much of the 
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Pinney Hollow schist. It contains local 
interbeds of impure quartzite, gray slate, 
dark-gray phyllite, and sericite-rich 
schist; where its lower parts are more 
gray than green, it is not easily distin- 
guished from the phyllitic upper parts of 
the Ottauquechee. Green schist of prob- 
able volcanic origin occurs in several 
parts of the section. Some lenses of homo- 
geneous, buff-colored dolomite are ex- 
posed on the steep western slopes of the 
Northfield Mountains, but none appears 
to be satisfactory as a marker unit. The 
highest parts of the mountains, between 
the latitude of Northfield and the north 
edge of the Barre quadrangle (fig. 2), are 
underlain by a very coarse-grained gar- 
netiferous quartz-muscovite gneiss. This 
rock grades into typical quartz-chlorite- 
sericite schist, both across and along the 
strike, and evidently owes its present dis- 
tinctive lithology more to a higher degree 
of metamorphism than to distinct differ- 
ences in original lithology. 

A narrow belt of interbedded gray 
phyllite and schist can be traced across 
some very rugged country high on the 
east side of the Northfield Mountains, 
but probably does not make a good map 
unit for a strike distance of more than 7 
miles. It is bounded on the east by thinly 
foliated, green quartz-chlorite-sericite 
schist similar to that on the west. This 
schist also contains lenses of buff to gray 
arenaceous dolomite. Higher in the sec- 
tion the schist is distinctly more quartzose 
and platy and has closely spaced chlorite- 
rich partings. Dark-gray to greenish-gray 
quartzite and splintery dark-gray schist 
appear locally. 

These predominantly green arena- 
ceous rocks are overlain by a well-defined 
unit of impure slate and phyllite, with in- 
terbedded quartzite and quartzose schist. 
Most of the quartz-rich beds occupy a 
central or near-central position in this 


unit, the total outcrop breadth of which 
is about 2,400 feet. The upper part of the 
arenite sequence, above the slate-phyl- 
lite marker unit, consists of additional 
green quartz-chlorite-sericite schist, with 
thin quartzite interbeds and local gray 
slate. 
CRAM HILL FORMATION 

The Cram Hill formation is known to 
extend from Randolph to points north of 
the Barre quadrangle, or for a total dis- 
tance of about 27 miles. It is named for 
an area of excellent exposures on Cram 
Hill, 34 miles south-southeast of Rox- 
bury (Currier and Jahns, 1941, pp. 1495- 
1496). Northward from the type locality 
the formation is exposed in river valleys, 
but southward it forms prominent high- 
land areas. The outcrop breadth of the 
Cram Hill formation is about 4,000 feet 
in most areas. It varies somewhat from 
place to place but, in general, broadens 
northward, especially near the north 
edge of the Barre quadrangle. 

The formation comprises several inter- 
gradational rock types. Most characteris- 
tic is a splintery, pale greenish-gray to 
black phyllite, which locally grades into 
a gray to black slate. These rocks consti- 
tute the bulk of the sequence in some 
areas but, in general, are confined to its 
upper part north of Northfield. They 
gradually disappear northward. Green 
quartz-chlorite-sericite schist is abun- 
dant as well, especially in the lower part 
of the formation, where it commonly is 
associated with a distinctive silvery to 
greenish sericite phyllite. This phyllite is 
especially common in the central part of 
the Barre quadrangle. Flows and clastic 
volcanic rocks of silicic composition mark 
the top of the formation at several places 
north of the type locality but do not ap- 
pear to be very continuous. Sills and 
dikes of greenstone are very abundant in 
many parts of the formation. 
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Thin, platy beds of quartzite are com- 
mon in many parts of the Cram Hill for- 
mation, and somewhat thicker beds oc- 
cur near its base. A distinctive unit, 
named the Harlow Bridge quartzite 
member (Currier and Jahns, 1941, p. 
1493), marks the base of the formation 
and in many places is the sole means of 
distinction between it and the arenaceous 
green schists of the Braintree-Northfield 
sequence. This member is composed of 
massive to thin-bedded quartzite with 
abundant intercalated chlorite-rich 
schist. It thickens from north to south 
but contains progressively less quartzite 
in the same direction. 


SHAW MOUNTAIN FORMATION 


The Shaw Mountain formation, a thin 
unit of considerable stratigraphic signifi- 
cance, occurs at the horizon of Richard- 
son's “Cambrian-Ordovician” boundary 
in central Vermont. This boundary, 
which separates noncalcareous rocks on 
the west from calcareous strata on the 
east, has been traced by earlier geolo- 
gists from the north boundary of Ver- 
mont to the Vermont-Massachusetts 
state line. Owing in part to its thinness, 
the Shaw Mountain formation is not ex- 
posed continuously, but in most places it 
is easy to define its location within rather 
narrow limits. This unit has _ been 
mapped from Bethel north to points in 
the Montpelier quadrangle, 42 miles 
away, and has been traced in reconnais- 
sance by Currier and Jahns to the Cana- 
dian boundary. 

The Shaw Mountain formation con- 
sists of three lithologic types (Currier 
and Jahns, 1941, pp. 1496-1499). At the 
base is a massively bedded quartz con- 
glomerate that ordinarily forms high, 
bold outcrops. It is lithologically unique 
in central Vermont and in several re- 
spects resembles the Clough formation 
of New Hampshire (Billings, 1937, pp. 
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481-483). The pebbles and rare cobbles, 
chiefly vein quartz, generally have been 
much elongated by tectonic action. The 
matrix consists mainly of quartz with 
subordinate mica. 

The conglomerate grades upward into 
sericite schist that is distinctly calcareous 
and tuffaceous in many places. It is white 
to pale greenish-white where fresh, but 
weathers to a light brown or tan. White 
to slightly bluish crinoidal limestone oc- 
curs as thin beds and lenses near the top 
of the formation. It is characteristically 
interlayered with the tuffaceous beds, 
and at many places occurs as distinct 
lenses a foot or less in thickness. This fos- 
siliferous limestone has been found 
throughout the length of the Barre quad- 
rangle and as far south as Randolph 
(Currier and Jahns, 1941, p. 1499). 

The thickness of the Shaw. Mountain 
formation is extremely variable. In many 
places it is absent entirely, and in others 
it has an outcrop breadth of 2,000 feet or 
more. The quartz conglomerate occurs 
typically as large, podlike masses sepa- 
rated along the strike. Most of the 
abrupt changes in thickness seem readily 
ascribable to tectonic forces rather than 
to variations in original sediments, and 
probably represent large-scale boudinage. 
Some of the variations in thickness of the 
tuffaceous rocks, however, may be due in 
large part to original deposition. In gen- 
eral, the conglomerate thickens south- 
ward to a probable maximum of 250 feet 
in the southern part of the Barre quad- 
rangle. North of this area the volcanic 
parts of the formation reach their maxi- 
mum thickness of 700 feet or more. In 
most places, however, the entire forma- 
tion is less than 50 feet thick. 

NORTHFIELD SLATE 
The term Northfield slate, as redefined 


by Currier and Jahns (1941, p. 1501), 
applies to a sequence of gray slates that 
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lie unconformably above the Shaw 
Mountain formation and conformably 
beneath the calcareous and argillaceous 
rocks of the thick Waits River formation. 
In general, this unit corresponds to beds 
mapped in central Vermont as “Mem- 
phremagog slates’ by Richardson (1906). 
The belt of slate, about 4,000 feet wide in 
much of the Barre quadrangle, extends 
for a known strike distance of 32 miles. 
North of Montpelier it is very thin, and 
it tapers out entirely south of Randolph 
(fig. 2). It is a resistant unit and charac- 
teristically forms prominent ridges wher- 
ever it is thick enough to control the 
topography. 

Most of the Northfield slate is light- to 
dark-gray slate with very minor inter- 
beds of dense, bluish-gray limestone. 
Zones of small siliceous nodules and 1- to 
30-inch layers of conglomerate are pres- 
ent in the lower third of the unit. The 
base of the formation also is marked by 
very thin beds and lenses of conglomer- 
ate, and in places a poorly exposed basal 
conglomerate lies upon rocks of the Shaw 
Mountain and Cram Hill formations 
with what appears to be a slight erosional 
unconformity. This unit contains abun- 
dant fragments of rock types characteris- 
tic of the Shaw Mountain and Cram Hill 
formations. Most diagnostic among these 
are scattered pebbles of crystalline lime- 
stone and quartz conglomerate. One 
limestone pebble containing a crinoid 
fragment was found in the north part of 
the Randolph quadrangle (Currier and 
Jahns, 1941, p. 1502). Thin, platy lime- 
stone beds occur above the conglomerate 
at several localities, but their strati- 
graphic position does not appear to be 
consistent over considerable distances 
along the strike. Additional thin lime- 
stone beds are present at the top of the 
formation and mark an upward grada- 
tion into the calcareous Waits River for- 
mation. 


WAITS RIVER FORMATION 
General statement.—The rocks above or 
east of the Northfield slate include both 
calcareous and noncalcareous beds, chief- 
ly phyllites and schists. In any traverse 
eastward from the border of the North- 
field slate in the Barre quadrangle, one 
crosses in succession (1) 4-6 miles of pre- 
dominantly calcareous rock, (2) 2-4 
miles of mica schist, phyllite, and quartz- 
mica schist, (3) 12-15 miles of calcareous 
rock, and (4) 2-8 miles of mica schist 
and quartz-mica schist. The last unit is 
bounded on the east by the Monroe fault. 
The first and third belts are lithologically 
almost identical, as are the second and 
fourth. For the purpose of the following 
lithologic descriptions, it is assumed that 
there is only one calcareous unit and only 
one noncalcareous unit and that these 
two units have been structurally repeat- 
ed. The basis for this assumption is dis- 
cussed later. The calcareous unit is 
termed the Waits River formation (Cur- 
rier and Jahns, 1941, p. 1491), and most 
of the noncalcareous unit is called the 
Gile Mountain formation (Doll, 1945, 
pp. 18-19). The easternmost portion of 
the eastern noncalcareous unit is litho- 
logically distinct and has been called the 
Meetinghouse slate (Doll, 1945). 
Lithologic features —The Waits River 
formation is a thick series of interbedded 
impure limestones, calcareous mica 
schists, phyllites, quartz-mica schists, 
and platy impure quartzites. The rocks 
are less metamorphosed in the Barre and 
Randolph quadrangles than in areas to 
the east, and most of the argillaceous 
types are there properly termed “phy|l- 
lites.’”’ All the calcareous rocks have been 
recrystallized and hence are most accu- 
rately termed “marble.”’ In accord with 
long-established local usage, however, 
the authors refer to them as “limestones” 
in this paper. 


Calcareous and noncalcareous rocks 
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are interbedded on large and small scales; 
beds and groups of beds range in thick- 
ness from a fraction of an inch to many 
tens of feet. Some sections several hun- 
dred feet in apparent thickness are domi- 
nantly calcareous, whereas others con- 
tain little or no carbonate minerals. Fur- 
ther, there is a complete gradation in 
lithologic character from quartzose 
marble, that contains very little mica, to 
schist or phyllite, that contains only 
traces of carbonate material. All inter- 
mediate types are known. Calcareous 
beds constitute nearly half the Waits 
River formation, and its total carbonate 
mineral content probably amounts to 
about 15 per cent. 

The most distinctive rock type is 
quartzose limestone with subordinate 
mica, which forms massive beds 1 inch to 
40 feet thick. These rocks are white to 
bluish-gray where fresh, but at the sur- 
face they are weathered to a characteris- 
tic dark-brown color and a spongy, cellu- 
lar crust. Calcareous mica schist occurs 
in most outcrops that contain quartzose 
limestone. It is generally coarsely crys- 
talline and contains abundant biotite, 
and its carbonate content is clearly indi- 
cated by its typically dark-brown, friable 
weathered surfaces. 

The bulk of the noncalcareous part of 
the formation consists mainly of dark- 
gray to black mica schist and quartzose 
mica schist. Micaceous quartzite is sub- 
ordinate but locally is well developed in 
the southern part of the Barre quad- 
rangle and adjacent parts of the Ran- 
dolph and East Barre quadrangles. 
Many outcrops show alternations be- 
tween schistose impure quartzite and 
quartzose schist, with individual units 
ranging in thickness from a fraction of an 
inch to about 6 inches. 

The relative straightness of geologic 
boundaries within the Waits River for- 


WALTER S. WHITE AND RICHARD H. JAHNS 


mation of the Barre quadrangle makes it 
possible to define several members, each 
characterized by a distinctive ratio of 
calcareous to noncalcareous beds, by a 
distinctive average thickness of its cal- 
careous beds, or by a combination of 
these features. Such subdivisions are in- 
dicated graphically in figure 3. Most of 
the units persist for the entire length of 
the Barre quadrangle and can be recog- 
nized with little difficulty in the field. 
Farther east, where deformation has 
been more complex, attempts at subdivi- 
sion have met with little success, except 
very locally and where accompanied by 
extremely detailed mapping. 

Standing Pond amphibolite member of 
Doll.—The name Standing Pond was ap- 
plied by Doll (1945, p. 17) to a thick lay- 
er of amphibolite in the uppermost part 
of the Waits River formation (Mem- 
phremagog formation in Doll’s report) as 
exposed in the Strafford and southeast- 
ern East Barre quadrangles. This unit 
forms the boundary between the calcare- 
ous schists of the Waits River formation 
and the noncalcareous rocks of the over- 
lying Gile Mountain formation in the 
southern third of the Strafford quad- 
rangle. Farther north, however, calcare- 
ous rocks stratigraphically overlie the 
amphibolite, and this overlying calcare- 
ous unit appears to increase in thickness 
northward and westward. 

The rocks of Doll’s Standing Pond 
amphibolite member range from fine- 
grained needle amphibolite to coarse 
hornblende schist. All varieties are dis- 
tinctly layered and schistose, with the 
schistosity parallel to the layering in 
most places. Coarse garnet schist is com- 
mon along the borders of the amphibo- 
lite. Despite intensive search, nothing re- 
sembling an amygdaloidal flow-top or 
pillow-lava has been found in these rocks. 
On the other hand, there is an equal lack 
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of broad or detailed evidence that the 
rock is intrusive. The amphibolite, as 
mapped, gradually transgresses bedding 
if one considers that the boundary of cal- 
careous and noncalcareous rocks is par- 
allel to bedding. One might assume, how- 
ever, that this boundary, rather than the 
amphibolite, is transgressive. Because of 
its great value as a marker horizon, the 
Standing Pond is tentatively treated as a 
volcanic unit in the Waits River forma- 
tion. 


GILE MOUNTAIN FORMATION 


General statement.—The typical rocks 
of the Gile Mountain formation (Doll, 
1945) may be defined as including those 
that lie between the Meetinghouse slate 
on the east and the dominantly calcare- 
ous rocks of the Waits River formation 
on the west (fig. 2). A broad belt of non- 
calcareous phyllites, schists, and impure 
quartzites in the southeastern part of the 
Barre quadrangle and adjacent parts of 
the Randolph and East Barre quad- 
rangles [GM (?) in fig. 2] is here tenta- 
tively correlated with the Gile Mountain 
formation of the Strafford quadrangle. 

As the term is used herein, the Gile 
Mountain formation includes the rocks 
at the type locality, Gile Mountain in the 
Strafford quadrangle, and most of those 
rocks mapped by Doll (1945) as Gile 
Mountain formation elsewhere in the 
Strafford quadrangle. It does not include, 
however, any of the rocks exposed east of 
the Monroe fault in the southeastern cor- 
ner of this quadrangle. Many of these 
rocks are lithologically similar to those of 
the Gile Mountain formation, but they 
are areally continuous with the Ordovi- 
cian (?) Orfordville formation of the 
Mount Cube quadrangle (Hadley, 1942, 
and unpublished map of the Vermont 
part of Mount Cube quadrangle), into 
which they can be traced along the 


strike. The stratigraphic equivalence of 
the Orfordville and Gile Mountain for- 
mations has not been demonstrated. 

The boundary between the Waits Riv- 
er and Gile Mountain formations is tran- 
sitional in most places and probably dves 
not represent a time line. In areas of good 
exposure the transition zone between dis- 
tinctly calcareous and distinctly noncal- 
careous rocks rarely exceeds 200 feet in 
width. The calcareous rocks, on the other 
hand, are less likely to crop out than the 
noncalcareous rocks, and the contact in 
some areas may be mislocated by as 
much as a quarter of a mile, particularly 
where exposures are poor and deforma- 
tion has been intense. Errors of this order 
of magnitude may exist in the northern 
third of the Strafford quadrangle, the 
southeastern ninth of the East Barre 
quadrangle, and the southwestern ninth 
of the Woodsville quadrangle (fig. 2). At 
such places, noncalcareous rocks of the 
Waits River formation may well have 
been mapped locally as the Gile Moun- 
tain. 

Lithologic features.—The rocks of the 
Gile Mountain formation include dark- 
gray to black phyllite and mica schist, 
gray quartzose phyllite and quartz-mica 
schist, and light-gray micaceous quartz- 
ite. The argillaceous rocks of the Barre 
quadrangle and of the eastern border of 
the formation in the Woodsville quad- 
rangle are phyllitic, whereas those of the 
East Barre and Strafford quadrangles are 
schistose. This difference appears to be 
due entirely to differences in degree of 
metamorphism, and all gradations be- 
tween schist and phyllite are present. 

In their most typical facies, the Gile 
Mountain rocks include almost equal 
quantities of light-gray arenaceous schist 
and dark-gray micaceous schist or phyl- 
lite. The two types commonly alternate 
in layers that range from microscopic 
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thickness to as much as 6 inches. Mica- 
ceous quartzite, containing as much as So 
per cent quartz, occurs locally through- 
out the formations, and at some places 
constitutes more than half the exposed 
rock. Pure quartzite is extremely rare. 
Where micaceous quartzite is present in 
minor quantities, individual beds rarely 
exceed a foot in thickness, but where it is 
abundant the beds are as much as 30 
feet thick. The amount or proportion of 
micaceous quartzite increases from north 
to south in both belts shown as Gile 
Mountain formation in figure 2. 

Though typically noncalcareous, the 
Gile Mountain formation does contain a 
few scattered beds and thicker units of 
calcareous rock. These are lithologically 
indistinguishable from typical Waits 
River rocks and are more abundant near 
the boundary of that formation than 
elsewhere. The presence of such material! 
in the Gile Mountain formation and the 
presence of rocks with typical noncal- 
careous Gile Mountain lithology in many 
parts of the Waits River formation sug- 
gest that these formations are merely dif- 
ferent sedimentary facies of a single dep- 
ositional unit of very great size. As previ- 
ously noted, the boundary between them 
probably is not a time line. 


MEETINGHOUSE SLATE 


The rocks between the Monroe fault 
and the Gile Mountain formation in the 
Woodsville and Mount Cube quad- 
rangles contain very little micaceous 
quartzite or quartz-mica schist. This belt 
of slaty and phyllitic rocks is designated 
the Meetinghouse slate (Doll, 10945, p. 
19). It is about 2,500 feet wide in the 
north-central part of the Mount Cube 
quadrangle. The western boundary is 
transitional. 

The Meetinghouse slate has not been 
identified as such in the western belt of 
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the Gile Mountain (?) formation in the 
Barre quadrangle, but a large part of the 
noncalcareous belt in the Barre quad- 
rangle contains higher-than-average 
proportion of phyllite. 


ROCKS ABOVE THE GILE MOUNTAIN FORMATION 
AND MEETINGHOUSE SLATE 

Any rocks that may once have over- 
lain the Gile Mountain formation and 
Meetinghouse slate in the Woodsville, 
Mount Cube, and Strafford quadrangles 
have been cut out along the Monroe 
fault. The existence of some younger cal- 
careous rocks, as shown in figure 3, is sug- 
gested by one possible explanation for 
the occurrence of the Gile Mountain (?) 
formation in the southeastern part of the 
Barre quadrangle. This interpretation is 
discussed farther on (pp. 206-7), in con- 
nection with the structure of the western 
tectonic belt. 

THICKNESS 

The original thicknesses of formations 
in central and east-central Vermont can- 
not be readily or accurately determined. 
The apparent thicknesses* correspond 
closely to the widths of outcrop belts in 
the steeply dipping parts of the section 
west of the Waits River formation but 
are distinctly less than the widths of 
units within the Waits River formation 
itself, where dips are less steep. The ap- 
parent thickness of any of these units 
may be greater than the original thick- 
ness because of repetition of beds by mi- 
nor folds and reverse faults, both com- 
mon in the region. A thickening factor of 
more than 2, attributable to such repeti- 
tion, has been calculated for parts of the 
Cram Hill and overlying formations, 

‘Apparent thickness, as used here, may be de- 
fined as the average distance between the upper and 
lower boundaries of a stratigraphic unit measured 


perpendicular to a plane that most nearly represents 
the attitude of the unit as a whole. 


which contain numerous beds of con- 
trasting competence. Even greater thick- 
ening has taken place in the Waits River 
and Gile Mountain formations of the 
Mount Cube and Strafford quadrangles 
(fig. 2). 

On the other hand, thickening by 
structural repetition is accompanied by 
divergence between the trend of forma- 
tion boundaries and the strike of bedding 
as measured in outcrops, and over much 
of the area such divergence is either in- 
conspicuous or absent. Indeed, the ap- 
parent thickness of some units may be 
appreciably less than the original thick- 
ness, owing to rock flowage, where the 
cleavage makes a low angle with bedding 
and formation boundaries (Cloos, 1947, 
pp. 910-911), as it does in most of the 
western part of the area. The net result 
of these two opposing factors makes it 
probable that the average apparent 
thicknesses, given in table 1, are some- 
what less than twice the respective origi- 
nal thicknesses. 


AGE 


The rocks of the Vermont sequence are 
so sparsely fossiliferous that age deter- 
minations are very difficult to make. 
Most age assignments necessarily have 
been based upon stratigraphic correla- 
tions over great distances or upon other 
indirect evidence and have ranged from 
Cambrian to Devonian. Conclusions 
reached by different investigators have 
varied considerably, as to both position 
and range of certain rock units in the 
time scale. The most recent discussions 
on the subject are in publications by 
Richardson (1919@), Currier and Jahns 
(1941), and Doll (1945). Although de- 
tailed analysis of the problem is beyond 
the scope of this paper, a brief summary 
of existing evidence may well be in order. 

The Cram Hill formation, immediate- 
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ly beneath the “Cambrian-Ordovician 
boundary”’ of Richardson, is probably of 
Trenton, or Middle Ordovician age (Cur- 
rier and Jahns, 1941, pp. 1496, 1508 
1509), on the basis of a correlation along 
the strike with graptolitic slates at Castle 
Brook, Magog, Quebec (Clark, 1934; 
Ambrose, 1942). These slates are overlain 
nonconformably by fossiliferous strata of 
Silurian and Devonian age (Clark, 1934, 
1936; Ambrose, 1942). The position of 
the actual! Cambrian and Ordovician 
boundary in central Vermont is not 


TABLE 1 
FORMATION ‘THICKNESSES 
Feet 

Meetinghouse slate — 2,000 
Gile Mountain formation — 8,000 
Waits River formation . . . — 20,000 
Northfield slate 6,060 
Shaw Mountain formation. 100° 
Cram Hill formation , — 4,000 
Arenites of the Braintree-North- 

field Range — 42,000 
Ottauquechee phyllite of Perry — 8,500 
Pinney Hollow schist of Perry . — 12,000 


* Original thickness ranges from o to about goo ft. 
t Or about 19 miles. 


known, but the base of the Ordovician 
must lie west of the Cram Hill strata. It 
might not be represented by a distinct 
structural or stratigraphic break and 
hence might well be within the sedimen- 
tary section dealt with in this paper. 
The Shaw Mountain formation is not 
older than Middle Ordovician, lying as it 
does upon the Cram Hill formation. 
Moreover, it contains crinoid remains of 
Middle Ordovician or younger age (Cur- 
rier and Jahns, 1941, pp. 1500-1501). 
The overlying Northfield slate has not 
yet yielded undoubted fossil material 
that can be used directly as a criterion of 
age. “‘Graptolites”’ of Beekmantown age 
have been reported from some beds of 
slate, phyllite, and limestone, but these 
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forms appear to be inorganic in origin 
(Foyles, 1931; Currier and Jahns, 1941, 
pp. 1505-1506). Moreover, a Beekman- 
town age is not compatible with the 
known relation between the Northfield 
and underlying formations. 

The Waits River and Gile Mountain 
formations, according to Doll (19434, 6), 
contain fossil remains of probable Siluri- 
an and Lower Devonian ages, respective- 
ly. The organic origin of these forms has 
been doubted by some geologists, despite 
the arguments put forward by Doll and 
others, and for this reason the conse- 
quent age assignments should be viewed 
as tentative, pending the discovery of 
better-preserved material. Moreover, at 
least the lower part of the Waits River 
formation appears to be Ordovician in 
age, on the basis of fossil evidence recent- 
ly discovered near East Montpelier Cen- 
ter by W. M. Cady (oral communica- 
tion). Crinoidal limestone was earlier re- 
ported (Richardson, 1902) from within 
the Waits River formation at Derby, 
Vermont, and a possible crustacean was 
noted from the Ordovician terranes of 
Northfield (Richardson, 1929), p. 245). 
Forms of possible Trenton age also were 
reported from other strata in Northfield 
(Richardson and Maynard, 1939, pp. 95 
96). None of these forms was considered 
diagnostic, and specific localities were 
stated for very few of them. 

Most students of Vermont geology 
agree that the Waits River formation is 
equivalent to at least a part of the Tomi- 
fobia formation of southern Quebec 
(Clark, 1934). The geologic continuity 
and marked lithologic similarity of these 
stratigraphic units cannot be denied. 
Those who have worked in the Quebec 
area during the last sixty years have con- 
cluded that the Tomifobia is Ordovician 
(Ells, 1887; Kerr, 1923; Clark, 1934; Am- 
brose, 1943). Ambrose (1942) states that 
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no diagnostic fossils have been found in 
this formation, but Clark (personal com- 
munication, 1941) reports that a fauna of 
undoubted Ordovician age occurs in at 
least its lower part. 

None of the rocks of the Vermont se- 
quence is younger than the principal 
orogeny that is recorded in the region. 
As pointed out by Billings (1937, p. 518), 
this orogeny in western New Hampshire 
was later than early Devonian and earlier 
than Triassic and antedated the intru- 
sion of igneous rocks that probably are 
Mississippian (Williams and Billings, 
1938, p. 1025). The Northfield slate, 
Waits River formation, Gile Mountain 
formation, and Meetinghouse slate of the 
Vermont sequence, therefore, are known 
to be no older than Middle Ordovician, 
and, as they were affected by the princi- 
pal orogeny, none of them is younger 
than late Devonian. 

IGNEOUS ROCKS 
BARRE GRANITE 

The dominant igneous rocks of the re- 
gion are intrusive quartz diorite, granodi- 
orite, quartz monzonite, and granite, 
here grouped under the single designa- 
tion, Barre granite. They occur principal- 
ly in the northern part of the area and 
probably represent a single magmatic 
epoch and province. The granites near 
Barre, typical of the group, have been de- 
scribed by Finlay (1902), Balk (1927), 
and others, and all the commercial gran- 
ites have been described by Dale (1923, 
pp. 104-108, 113-118, 121-143). 

The intrusive masses in the Barre- 
East Barre area (fig. 2) are elongate, with 
boundaries generally parallel or subpar- 
allel to the bedding or schistosity of the 
adjacent stratified rocks. Few of them 
exceed 5 miles in length. Small subcon- 
cordant plutons of the same type of rock 
have been mapped in the northern part 
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of the Woodsville area. A much larger 
area in the northeastern part of the East 
Barre quadrangle is underlain by granit- 
ic rocks (Richardson, 1902) similar to the 
Barre granite. In this area exposures are 
poor, and the boundaries of the igneous 
masses never have been mapped in de- 
tail, so neither the nature nor the size of 
individual intrusives is known. Relations 
elsewhere suggest that the large body of 
granitic rock shown in the northeastern 
part of the East Barre quadrangle (fig. 2) 
may actually comprise numerous smailer 
bodies with intervening septa of strati- 
fied rocks. 

The Barre granite includes rocks that 
have a wide range in composition. Most 
contain 10-30 per cent quartz, and 35-65 
per cent plagioclase. The potash feldspar 
is microcline, the plagioclase is oligoclase 
to andesine. Biotite is the only dark min- 
eral, and muscovite, though generally 
present, constitutes less than 5 per cent 
of most rock types. Pegmatites are not 
common. 

The granitic rocks are believed to have 
been forcefully injected into the schists 
that now enclose them. All contacts are 
sharp. Highly feldspathized schist or 
other hybrid contact rocks are rare and 
are distinctly localized in all areas 
studied in detail. The composition of the 
rocks intruded into calcareous schists 
does not differ from that of rocks in- 
truded into noncalcareous schists. There 
is abundant local evidence that, on a 
small scale, the intrusives made way for 
themselves by forcing apart the schist 
walls; in places the schists are bulged out 
on a larger scale around the areas of in- 
trusion. Some of the plutons differ from 
those wholly emplaced by stoping (Bill- 
ings, 1942, p. 293) in their elongate form, 
in their concordant and subconcordant 
relations with the wall rock, and in the 


scarcity of inclusions with random orien- 
tation. 

Though broadly concordant with the 
bedding or schistosity of the enclosing 
rocks, the plutons of Barre granite locally 
transect, at low or high angles, the struc- 
tural features of the enclosing sediments. 
Dikes and stringers of granite or granodi- 
orite cut across schistosity at many 
places, and locally cut sharply across the 
axial planes of folds in the schistosity. In- 
asmuch as these folds represent the last 
stage of major deformation in the region, 
the Barre granite is believed to have been 
emplaced during the closing stages of this 
deformation, or in part after the defor- 
mation had ceased. That they were not 
intruded long after the deformation is 
shown by their spatial relation to zones 
of metamorphism in the metasedimen- 
tary rocks. 

Most of the granitic rocks lie within a 
broad area of highest thermal metamor- 
phism in the region. Furthermore, lines 
of equal metamorphism (isograds), as 
traced across the area, bulge out around 
individual plutons, with the bulges con- 
vex toward rocks of lower metamorphic 
rank. These close spatial relationships 
suggest not only that intrusion and re- 
gional thermal metamorphism were as- 
sociated but that they were not widely 
separated in time. Inasmuch as the ther- 
mal metamorphism overlapped the final 
stage of major deformation, as shown by 
the fact that porphyroblasts are locally, 
but not generally, deformed and rotated, 
it is probable that the intrusion of granit- 
ic rocks likewise took place near the close 
of this deformation. 


OTHER GRANITIC ROCKS 


A mass of medium-grained binary 
granite, distinctly coarser than the Barre 
granite, lies in arenaceous rocks beneath 
the Shaw Mountain formation north- 
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northwest of Randolph (figs. 2 and 4). It 
is about 2 miles in exposed length and 
4,000 feet in maxiraum width and hence 
is much more pluglike than the typical 
Barre plutons. Its sides are essentially 
parallel with the wall-rock structure, and 
at its ends it is complexiy interfingered 
with the wall rock. The granite evidently 
was emplaced along the east side of a 
much narrower dioritic mass near the 
base of the Cram Hill formation. The 
thick Harlow Bridge quartzite member 
of the Cram Hill formation is almost 
completely cut out, and the rocks higher 
in the section are strongly bulged to the 
east (fig. 2). Parts of the Cram Hill sec- 
tion appear to have been thickened by 
close folding at the ends of the granite 
pluton, but a substantial part of the 
metamorphosed sedimentary rocks is 
clearly missing from the area of intrusion 
(fig. 4). 

The granite contains few inclusions, 
although septa of country rock are abun- 
dant along its north and south margins. 
It is faintly foliated in places, almost 
structureless in others, and its composi- 
tion is nearly uniform over large areas. 
There is little evidence for large-scale re- 
placement of country rock, nor is there 
positive evidence for emplacement by 
stoping. The structural relations indicate 
mechanical injection of some sort, possi- 
bly involving an upward punching of 
country rock. A well-defined aureole of 
moderate-rank metamorphism surrounds 
this pluton and is broadest in the country 
rock that lies to the north. 

Several small subconcordant plutons 
exposed in the area between Randolph 
and Bethel (fig. 2) consist of very light- 
colored quartz monzonite. A sill-like or 
phacolithic mass of medium-grained bi- 
nary granite was mapped by Doll (1945) 
in the north-central part of the Strafford 
quadrangle. Dikes, sills, and elongate 
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plugs of medium-grained granite occur in 
the upper part of the arenite sequence 
near Northfield, particularly in the west- 
central and northwestern parts of the 
Barre quadrangle. None of these granitic 
rocks has been definitely correlated with 
the Barre granite. 
BASIC ROCKS 

Numerous dikes and sills of greenstone 
and chlorite schist occur in the pre-Shaw 
Mountain section, particularly in parts 
of the Pinney Hollow and Cram Hill for- 
mations. They also are abundant in the 
upper part of the arenite sequence be- 
neath the Cram Hill, where they locally 
constitute a substantial proportion of the 
section. No rocks of this type are known 
from the Waits River formation, al- 
though a few have been noted in the east- 
ern belt of the Gile Mountain formation. 
They consist mainly of epidote, chlorite, 
ankerite, and other secondary minerals 
and closely resemble the dikes that occur 
in the Albee formation in New Hamp- 
shire (Billings, 1937, pp. 512-515) and 
east of the-Monroe fault in the Woods- 
ville area of Vermont. In areas of moder- 
ate- or high-rank metamorphism, these 
rocks contain hornblende, and many are 
typical amphibolites. 

Some of the greenstones are of volcanic 
origin, whereas others are intrusive 
masses, as indicated by cross-cutting re- 
lations in both plan and: section. Many 
dikes are so nearly concordant, however, 
that their age relations are not readily 
determined, especially in areas of intri- 
cate folding and shearing. As some of 
them have been deformed in the same 
manner as the enclosing rocks, and to 
comparable degrees, they appear to ante- 
date all the principal periods of tectonic 
activity. Most, however, plainly tran- 
sect some folds but are themselves folded 
and sheared as a result of subsequent 
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deformation. This is particularly charac- 
teristic of the thickest cross-cutting 
masses and of the most porphyritic types 
of greenstone. 

Fine- to coarse-grained dioritic rocks 
form the western part of the large intru- 
sive complex north-northwest of Ran- 
dolph (fig. 4). They are older than the 
granite but are intrusive into the green- 
stones within the Cram Hill formation. 
They contain numerous septa and inclu- 
sions of quartzite, schist, and greenstone, 
nearly all of which appear to have been 
folded and sheared prior to their incor- 
poration within the intrusive masses. 

Late dikes of diabase and lamprophyre 
are widespread and clearly postdate all 
structural features associated with the 
major stages of deformation. 


ULTRAMAFIC ROCKS 


Lenticular bodies of altered ultramafic 
rocks occur in two well-defined belts 
within the noncalcareous part of the Ver- 
mont sequence. One belt is coextensive 
with the Ottauquechee phyllite and adja- 
cent parts of the formations above and 
below, and the other occupies the out- 
crop area of the middle part of the Brain- 
tree-Northfield arenites. The rocks, origi- 
nally olivine-bearing ultramafic types, 
have been almost completely altered and 
now consist chiefly of serpentine, chlo- 
rite, carbonate minerals, amphiboles, and 
talc. Many references to them have been 
published, and further petrologic descrip- 
tion in this paper does not seem war- 
ranted. 

Most of the serpentine-rich masses are 
podlike, though commonly very irregular 
in detail. Some are individual bodies, but 
many appear to be connected along spe- 
cific horizons in the country rock. They 
contain inclusions of wall rock that evi- 
dently was folded tightly prior to em- 
placement of the ultramafic material, but 
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the shapes, attitudes, and distribution of 
the intrusive masses appear to have been 
controlled, at least in part, by a late 
stage of deformation. Folds and shear 
zones characteristic of this late stage are 
older than the Barre granite; it is prob- 
able, on purely structural grounds, that 
the granitic rocks in general are younger 
than the ultramafic rocks. 


STRUCTURE 
TERMINOLOGY 


Description of structural features in 
rocks of the Vermont sequence requires 
the use of terms with special meanings 
that need prior definition and discussion. 

Anticline and syncline.—The terms 
“anticline” and “‘syncline,” as herein 
used, are distinguished on the basis of the 
relative ages of the rocks on the limbs 
and in the core of a fold rather than on 
the basis of the inclination of beds on the 
opposite sides of the fold. In a region 
where the plunge of fold axes may be 
overturned or where the axial planes of 
folds are themselves folded, some such 
definition is essential to eliminate confu- 
sion. An “anticline”’ is therefore taken by 
the writers to indicate a fold in which the 
older rocks (as defined by the sequence of 
formations given in fig. 3) are in the cen- 
ter, and a “syncline”’ as one in which 
they are on the flanks. This usage is con- 
sistently followed in the descriptions of 
all folds, even though the limbs of an an- 
ticline, thus defined, may converge 
downward in cross section. 

Strike and trend—-\n highly folded 
rocks the bedding strikes in several dif- 
ferent directions in different parts of an 
outcrop, and the only significant meas- 
urement that can be made is on the 
“trend”’ of the bedding (Balk, 1936, p. 
702). The “trend” of bedding, as used 
herein, is the strike of a plane that is tan- 
gent to the respective crests or troughs of 
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the minor anticlines or synclines into 
which a given bed has been folded (fig. 
5). Most of the bedding symbols in the 
eastern part of the area shown in figure 2 
represent local trends. 

Long and short limbs of folds.—-Where 
minor plunging folds are not isoclinal and 
the trend of bedding is constant, the bed- 
ding strikes in two different directions on 
opposite limbs of these folds (fig. 5). The 
limbs with one strike must be longer than 
those with the other, except where the 
trend is normal to the strike of the axial 


Dextral’ Pattern 


definition, the short limb of a fold can be 
regarded as an offset in the course of the 
bedding as defined by the long limbs. As 
one stands on a long limb and looks along 
its strike, the next long limb beyond an 
intervening short limb appears to be off- 
set. If it is offset to the right, the fold pat- 
tern is dextral; if to the left, sinistral. 
This terminology was suggested for 
transcurrent faults by Anderson (1942, 
P- 55): 

Cleavage.—The term “cleavage” is 
used through this paper to refer to the 
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Fic. 5.-Idealized plans of plunging folds, showing trends, patterns, and other features discussed in 


text. 


planes of the folds. It follows that the 
strike of the “long limbs”’ is more nearly 
parallel to the trend than is the strike of 
the “short limbs.” 

Dextral and sinistral fold patterns.— 
The “pattern” of minor plunging folds 
refers herein to the zigzag trace of a fold- 
ed bed in a horizontal exposure, unless a 
vertical section is specified. These pat- 
terns ordinarily are a function of one 
component of the differential movement 
that formed the folds, and it is useful to 
contrast the two possible complementary 
types of pattern. Each is the mirror 
image of the other, and the terms “‘dex- 
tral” and “sinistral” are used here to dis- 
tinguish them (fig. 5). For the purpose of 


capacity of rocks to part along essentially 
parallel surfaces of secondary origin. It 
does not include parallel joints that lie a 
foot or more apart, nor is it here used to 
include bedding fissility or the primary 
flow structures of igneous rocks, which 
are perhaps more appropriately grouped 
under the broader terms “foliation’’ or 
“foliate structures.’”” Two prominent 
types of cleavage—schistosity and slip 
cleavage —are well developed in central 
and east-central Vermont, and they are 
here referred to collectively as “cleav- 

Schistosity.—“Schistosity”’ is used here 
for planar cleavage that is due to mineral 
parallelism. The parallelism may involve 
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crystallographic orientation of the mica- 
ceous minerals or dimensional orienta- 
tion of nonmicaceous minerals, like 
quartz, feldspar, and calcite, or, most 
commonly, both. 

Although schistosity is more or less 
parallel to bedding over substantial parts 
of the region described here, it locally 
transects bedding, particularly in the 
noses of many minor folds. In such folds 
the planar element, here called “schis- 
tosity,”’ can be seen to pass gradually 
from parallelism with bedding on the 
limbs to parallelism with the axial plane 
of the fold in the nose. The schistosity is 
therefore believed to be of tectonic origi- 
gin rather than merely mimetic after 
bedding. 

Slip cleavage.—-In this paper “slip 
cleavage’’ (Dale, 1899, p. 209) is used in 
preference to “fracture cleavage’ and 
other terms that have been employed for 
the same or similar structural features; 
reasons for this usage have been dis- 
cussed elsewhere (White, 1949). Slip 
cleavage ordinarily comprises subparallel 
planes of dislocation, spaced 0.01—1 inch 
or more apart. Displacement of older 
structures in the rock generally is appar- 
ent and measurable along these planes, 
and the results of displacement range 
from tiny, sharp flexures to small-scale 
faults. 

Slip cleavage is distinguished from 
schistosity by the fact that the micas and 
other platy or elongate minerals between 
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the surfaces of dislocation still preserve, 
wholly or in part, an orientation that an- 
tedates the development of the slip 
planes. The planes themselves, however, 
are commonly marked by concentrations 
of mica plates with parallel orientation. 


GENERAL FEATURES 


The geologic structure of the region is 
best described in terms of three tectonic 
belts, namely, eastern and western belts, 
characterized by nearly north strikes and 
approximate parallelism of geologic 
boundaries, and a central belt of complex 
folds. These belts are not sharply bound- 
ed but are nonetheless distinct. The east- 
ern tectonic belt is about 3 miles wide 
and is bounded on the east by the Mon- 
roe fault. The central belt extends from 
the eastern belt to the vicinity of the 
eastern limit of the Gile Mountain (?) 
formation (in the northwestern part of 
the East Barre, southeastern part of the 
Barre, and eastern part of the Randolph 
quadrangles, fig. 2). The western tec- 
tonic belt, largest of the three, includes 
the western outcrop belt of the Waits 
River formation, as well as all formations 
lower in the section. 

The types of geologic structure to be 
described belong to two major orogenic 
stages. The products of these two stages 
are most readily distinguished in the 
eastern and western belts, where there 
are two distinct types of minor fold and 
two types of cleavage. The folds here 


Idealized plans of deformed beds, showing shapes, patterns, and attitudes characteristic of the 


western tectonic belt of central Vermont. A, gently plunging isoclinal fold-pair typical of many early flexures 
in slaty, phyllitic, and calcareous beds. Schistosity parallel to axial plane of folds. B, gently plunging open 
folds, typical of many early flexures in the more quartzose beds. Schistosity parallel to axial planes of folds. 
C, slip cleavage in slaty beds, with deformation of earlier schistosity. D, steeply plunging open fold-pair, 
typical of many later-stage flexures in the more quartzose beds. Earlier schistosity (not shown) is deformed. 
E, superimposition of slip cleavage and small-scale flexures with sinistra] pattern and moderately steep 
plunge upon earlier, larger, and nearly isoclinal fold-pair. Minor folds with dextral pattern (at points x and x’) 
are earlier drag folds on the short limb of the nearly isoclinal fold-pair. F, gently plunging early fold, asso- 
ciated tight drag folds, and axial-plane schistosity bent into large, broad flexure by later-stage deforma- 
tion. G, folded beds separated into irregular slices by faults nearly parallel to the fold axes. 
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called “earlier folds” are tight or isocli- 
nal, and their axia) planes are more or 
less parallel to the attitude of schistosity 
in the vicinity. On the limbs of these 
folds the schistosity is essentially parallel 
to bedding; as the bedding curves around 
into the nose of the fold, the schistosity 
transects it at higher and higher angles, 
and in the nose of the fold schistosity is 
approximately normal to bedding. 

In the “later folds,’’ in contrast to the 
earlier, schistosity, as well as bedding, is 
folded. The folds are generally more open 
than the earlier, and the schistosity, in- 
stead of being parallel to their axial 
planes, wraps around their noses. Local- 
ly, the axial plane of an earlier fold has 
been folded in later folds (fig. 6). Slip 
cleavage is parallel to the axial planes of 
these later folds and cuts the schistosity 
at a moderate to large angle, even where 
there are no minor folds. 

Additional basis for regarding the for- 
mation of earlier and later folds as sepa- 
rate tectonic events is foune in the 
plunge of axes and in the patterns of 
folds. As will be described below, the axes 
of earlier folds make a large angle with 
the axes of the later over much of the 
western tectonic belt. In the eastern tec- 
tonic belt, the plunges of earlier and later 
folds are similar, but the earlier have 
dominantly sinistral patterns and the 
later are almost exclusively dextral. 


THE WESTERN TECTONIC BELT 


Early structure—-The rocks of the 
western tectonic belt include nearly all 
units in the stratigraphic column already 
described. Owing to their simple gross 
structure and prevailingly steep dips, indi- 
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vidual formations crop out as straight to 
broadly curving subparallel bands whose 
configuration is little affected by topog- 
raphy. The general structural trends are 
north and north-northwest in the Roch- 
ester and Randolph quadrangles, north 
and north-northeast in the Lincoln 
Mountain and Barre quadrangles. Steep 
easterly dips are characteristic of the 
bedding in the western part of the tec- 
tonic belt. These become steeper in high- 
er parts of the section, and many of the 
beds are vertical where exposed in the 
crestal part of the Braintree-Northfield 
Range. Very steep westerly dips prevail 
in the western third of the Barre and 
Randolph quadrangles, and farther east 
the average westerly dip decreases mark- 
edly but not abruptly. Most of the bed- 
ding in the Waits River formation in the 
western tectonic belt dips 35°-60° west to 
west-northwest. 

The strike of beds differs distinctly 
from their trend in many outcrops. This 
is particularly true in the Cram Hill and 
adjacent formations, where the trends of 
some beds and groups of beds are as 
much as 25° more toward the west than 
most individual strikes. The average dis- 
cordance, however, is probably less than 
10°. Farther east and west the strike and 
trend of beds are much more nearly par- 
allel. Schistosity is very well developed 
and is essentially parallel to the strike of 
bedding except on the crests and troughs 
of folds. That this concordance is not 
perfect on many limbs of folds as well is 
demonstrated by slight angular relations 
in slate quarry exposures near Northfield 
and in several large outcrops elsewhere. 
Moreover, the schistosity is commonly a 


PLATE 1 
A, Open fold shown by quartzitic beds in quartz-chlorite-sericite schist. Note axial-plane schistosity. 
B, Close folds in quartzite and quartz-chlorite-sericite schist. Note fanlike distribution of fractures in 


the quartzite beds at crests and troughs of folds. 
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little steeper than eastward-dipping bed- 
ding and a little less steep than west- 
ward-dipping bedding. For all practical 
purposes in most places, however, the 
two features are so nearly concordant 
that both are represented by the bedding 
symbols in figure 2. 

The earliest folds in the western tec- 
tonic belt vary greatly in form but are 
strikingly consistent in attitude and in 
their relation to cleavage. Most of those 
in the slaty, phyllitic, and uniformly 
schistose rocks are tightly compressed, 
with sharp crests and troughs and paral- 
lel or nearly parallel limbs. Folds of this 
type in the calcareous parts of the Waits 
River formation show evidence of con- 
siderable rock flowage during deforma- 
tion, and the limbs of many are much at- 
tenuated. Where more competent beds 
are present, as in the quartzitic parts of 
the pre-Shaw Mountain formations, the 
folds are broader and more open, with 
gently rounded crests and troughs. All 
gradations between open and isoclinal 
folds are present, and the form of the 
folds evidently depends more upon the 
lithology of the rocks involved than upon 
any other single factor (pl. 1). 

In general, these folds are minor struc- 
tures, regardless of their form, and most 
of them have amplitudes of only a few 
feet. However, they range in amplitude 
from an inch or less to hundreds of feet. 
One large, nearly isoclinal fold near the 
southeast corner of the Barre quadrangle 
is clearly outlined by a contact between 
calcareous and noncalcareous rocks (fig. 
2). Other, somewhat smaller folds of 
similar form affect the strata of the Shaw 


PLATE 2 


A, Sharp early fold in quartzitic schist near base of Cram Hill formation. Bedding is folded, with schist- 
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Mountain formation (fig. 7); doubtless, 
more are present in areas where there are 
no marker beds to permit their easy 
recognition. Open to moderately tight 
folds of considerable size occur in the 
lower part of the Waits River formation, 
especially in the area east and northeast 
of Northfield. The largest of these flex- 
ures, in the north-central part of the 
Barre quadrangle, is about 1,700 feet 
wide. Even in this area, however, nearly 
all the early folds are too small to be 
shown on ordinary quadrangle maps. 

Schistosity (slaty cleavage in slates) is 
parallel to the axial planes of the early 
folds in the noses of these folds, and a 
fracture cleavage that dips toward these 
axial planes in anticlines and away from 
them in synclines is present in some beds 
of quartzite and other relatively compe- 
tent rocks. Such beds are commonly cut 
by fanlike groups of fractures along their 
crests or troughs (pl. 1, B). Gentle and 
moderate plunges are most characteristic 
of the folds, regardless of their tightness. 
As shown by observed crests and 
troughs, by the intersection of bedding 
and foliation planes, and by the attitude 
of minor crenulations, most plunges are 
north at angles of 10°-55°. Steeper in- 
clinations are rather rare, and the aver- 
age plunge is about 30°. Gentler plunges 
are more common, and horizontal or 
southwardly inclined fold axes occur 
locally. 

The north-plunging early folds have a 
sinistral pattern in plan. At some places, 
generally where the plunge of the folds 
is southward, the pattern is dextral in 
plan. As viewed from the south in an 


osity essentially parallel to the long limbs of folds. Both bedding and schistosity are transected by slip 


cleavage. 


B, Broad flexure in phyllite and schist of Waits River formation, with strongly developed slip cleavage. 


nar 
x! 
+ 
~ 
4 
| 
a i 
i 
i 
a 


EXPLANATION 


NORTHFIELD 
SLATE 


SHAW MOUNTAIN 
FORMATION 


CRAM HILL 
FORMATION 


¥ 
Strike ond dip of 
schistosity, 
trend and plunge 

linear etement 


Strike ond dip of 
- cleavage planes 


$ 


Pottern of minor 
foids 


South 
thfield - 
=- 
Foult, showing 
arection of 
movement , 
dashed where 
approximately locoted 


Scole feet 


~ 


/ 
| 
Re / / 
| 
3 Yay \ 
Sy: 7%, 
§ 
as oc 
; 4 72; Geology by 
as J RH Johns, 1940 
| 
Sf 
Fic. 7.—-Geologic map of the South Northfield area, Barre quadrangle 


east-west vertical section, therefore, the 
typical pattern of almost all these early 
folds is sinistral and indicates that the 
rocks on the east moved upward with re- 
spect to those on the west. 

The known succession of progressively 
younger beds from west to east in central 
Vermont is entirely compatible with the 
interpretation of the prevailing fold pat- 
tern as the result of drag on the east limb 
of a very large anticline or archlike struc- 
ture whose axis lies west of the area here- 
in discussed. According to W. M. Cady 
(oral communication, 1948), the exist- 
ence of such a major anticline appears to 
be demonstrable in the latitude of central 
Vermont, where its axis lies about 3 miles 
east of Bolton, and in the latitude of Rut- 
land, where its axis lies on East Moun- 
tain, in Mendon. Evidence of it is con- 
vincing in several areas farther north 
along the strike. In the Sutton Moun- 
tains of southern Quebec, for example, a 
broad anticlinal structure has been de- 
scribed by Fairbairn (1932, pp. 71-75), 
Clark (1934, p. 15), and Ambrose (1942). 

Later structure.—Superimposed on the 
structural pattern of the earlier folds are 
later structural features that include slip- 
cleavage planes, folds, faults, and thin 
shear zones. A pronounced slip cleavage 
is widespread and is most common in the 
slaty and phyllitic parts of the terrane. 
Both bedding and the schistosity previ- 
ously described are cut by this slip 
cleavage. In general, its degree of devel- 
opment increases from north to south 
and from west to east, although there are 
many local irregularities. In phyllites and 
slates the slip cleavage is so intensely de- 
veloped south of the latitude of Ran- 
dolph that closely spaced series of corru- 
gations form the most conspicuous fea- 
ture of the rock fabric. This structure 
characterizes the so-called “fence-post 
phyllites” used by many farmers in the 
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Randolph and Rochester quadrangles. 
Some of the rocks farther south and east 
are so severely deformed that all traces of 
their earlier schistosity have been oblit- 
erated by very closely spaced cleavage 
planes, which themselves constitute a 
crudely developed schistosity in many 
areas. 

The slip-cleavage planes typically 
strike 10°-50° more to the east than does 
the schistosity of the early stage of defor- 
mation, and they dip a little less steeply 
west where the dip of the schistosity is 
westward or vertical. They dip very 
steeply in parts of the section beneath 
the Cram Hill formation and in such 
places intersect the planes of schistosity 
along steeply inclined lines that contrast 
markedly with the more gently dipping 
linear elements associated wholly with 
early-stage deformation. Farther east, 
however, the slip-cleavage planes dip 
progressively less steeply, and they tend 
to merge in attitude with the more gently 
dipping cleavage of the Northfield slate 
and the Waits River formation. The 
average number of cleavage planes per 
unit of rock exposure and the closeness of 
spacing of these planes also increase to- 
ward the east. 

Minor folds in the earlier schistosity 
are here classed as later folds. Where slip 
cleavage is present, it is parallel to the 
axial planes of these folds, and displace- 
ments along slip-cleavage planes are re- 
sponsible, in part, for the present shapes 
of many of the late folds. The relation be- 
tween displacements on cleavage planes 
and such late folding is most evident 
where competent beds are involved, be- 
cause in many of the more incompetent 
rocks bedding and the earlier schistosity 
are all but obliterated by closely spaced 
slip-cleavage planes. Essential contem- 
poraneity of the later minor folds and the 
slip cleavage is suggested by two lines of 
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evidence: the slip cleavage is parallel 
with the axial planes of such minor folds, 
and the folds are generally more abun- 
dant and more acute where slip cleavage 
is most intensely developed. 

Like the slip-cleavage planes, the later 
folds are superimposed on the flanks of 
earlier flexures and locally involve en- 
tire isoclinal folds (fig. 6). They have 
sharp crests and troughs, like the isocli- 
nal type of earlier folds, but typically are 
much more open (pl. 2, B). One flank 
generally is very short, and a sinistral 
pattern is characteristic of all areas ex- 
cept those within and west of the Brain- 
tree-Northfield Range, Barre, and Lin- 
coln Mountain quadrangles (fig. 2). With 
their prevailingly steep north plunges in 
the central part of the western tectonic 
belt, these folds indicate a northward dis- 
placement of rocks on the east with re- 
spect to those on the west or a horizontal 
shearing movement similar to that ad- 
duced by Hawkes (1941, pp. 657-058) to 
account for steep linear structure near 
Bridgewater, Vermont. Farther east, 
where their plunges become more gentle, 
the folds also demonstrate an upward 
movement of rocks on the east with re- 
spect to those on the west. It should be 
noted that both the earlier and the later 
minor folds in most of the western tec- 
tonic belt have the same prevailing sinis- 
tral pattern. Dextral patterns in the late 
folds are common only in the western 
part of the belt. 

The pebbles of the quartz conglomer- 
ate in the Shaw Mountain formation 
have been drawn into long ellipsoids by 
tectonic action and in places appear to be 
at least four times as long as they were 
when deposited (Currier and Jahns, 
1941, p. 1497 and pl. 2). The long axes of 
these stretched fragments plunge gently 
to steeply northward and ordinarily re- 
flect deformation during the earlier of the 
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two principal stages discussed above. A 
similar orientation is characteristic of 
many rows of biotite, garnet, and horn- 
blende porphyroblasts. The conglomer- 
ate pebbles are severely cracked, frac- 
tured, or otherwise deformed, whereas 
very few of the porphyroblasts are. The 
latter, therefore, must have been devel- 
oped no earlier than the last stages of the 
deformation. 

Movement during both stages of de- 
formation also is thought to have been 
responsible for much of the erratic dis- 
tribution of quartz conglomerate and 
other very competent beds in the Shaw 
Mountain formation. The thicknesses of 
these beds differ greatly within short dis- 
tances, and, according to Currier and 
Jahns (1941, p. 1499), “because of these 
abrupt changes, as well as the abundant 
evidence of shearing in the beds, the ir- 
regular, podlike distribution of the con- 
glomerate is attributed to tectonic forces 
rather than to variations in original 
sedimentation." The gentle to steep 
plunges of elongate pebbles in the con- 
glomerate and of several of the podlike 
masses themselves is parallel to the 
plunge of earlier minor folds in the vicini- 
ty; this suggests that this deformation 
was accomplished chiefly by tectonic 
forces of the earlier, rather than the later, 
stage. 

Well-detined faults and shear zones are 


superimposed on earlier structural fea- 


tures in many places. These shear zones 
either are intermediate in orientation be- 
tween the earlier schistosity and the later 
slip-cleavage planes or are parallel to the 
slip-cleavage planes. Asaresult, many out- 
crops show the noses of folds but little of 
their flanks, or at least of flanks that can 
be specifically correlated with individual 
noses. Displacements along the faults 
rarely are measurable but, in general, 
probably are not great. A few exceptional 
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faults, however, have offset large folds a 
mile or more, particularly in the lower 
part of the Waits River formation. A 
poorly defined fault that appears to dis- 
place a contact between the Northfield 
slate and the Waits River formation 
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are marked by dextral patterns in plan, 
by moving additional folds into each 
group. This process of “thickening” is 
shown diagrammatically in figure 8. 
Many thrust faults and open joints 
transect all the above-described struc- 


E. 


Idealized plans of folded beds, showing “thickening” by late-stage shear movements. A, north- 


plunging folds with sinistral pattern. B, “thickening” of the fold group by means of shear faults that transect 
the long limbs. C, somewhat different “thickening” by means of shear faults that transect the short limbs. 
D, south-plunging fold-pair with dextral pattern. EZ, slight “thickening” by means of shear faults that 
transect the short limb of fold-pair with dextral pattern. 


(fig. 2) may represent this longitudinal 
type. 

Shearing and minor faulting have 
“thickened’’ many groups of earlier folds 
with sinistral patterns, as well as some 
groups of southward-plunging folds that 


tural features in the western tectonic 
belt. These trend northeast to east and 
dip northwest to north at moderate 
angles. All appear to reflect a regional 
overriding from the northwest and 
north, but the magnitude of this defor- 
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mation is not great. A still later chapter 
in the tectonic history of the region is 
represented by steeply dipping joints 
that trend east. Many of these are 
filled with diabasic and lamprophyric 
dikes. 

Problem of the eastern boundary.— 
Mention should be made of the problem 
of the eastern boundary of the western 
tectonic belt. If the writers are correct in 
tentatively correlating the phyllite of the 
southeastern Barre quadrangle (fig. 2) 
with the Gile Mountain formation far- 
ther east, its presence in the Barre quad- 
rangle must be explained by structural 
repetition. The nature and implications 
of the known evidence bearing on this 
problem are summarized and briefly dis- 
cussed in the following paragraphs. 

1. The belt of the Gile Mountain (?) 
formation in the Barre quadrangle might 
be viewed as the axial part of a syncline 
formed during either the earlier or the 
later stage of major deformation. Three 
lines of evidence oppose this possibility. 
First, practically all the minor folds in 
this belt have a sinistral pattern, whereas 
known major folds in the region have 
sinistral patterns along one flank and 
predominantly dextral patterns along the 
other. Second, the eastern half of the belt 
is much more quartzose than the western 
for a distance of many miles along the 
strike. A synclinal belt should show more 
symmetrical distribution of more and less 
quartzose phyllite on opposite sides of 
the main fold, unless sedimentary facies 
changes are exceptionally rapid. Third, 
although most of the earlier and later 
minor folds plunge north at appreciable 
angles, the belt as a whole does not nar- 
row to the south as it should if it were a 
major syncline plunging north, parallel 
to the minor folds. 

2. The Gile Mountain (?) formation of 
the Barre and Randolph quadrangles 


might represent the western limb of a 
huge, north-plunging syncline, the cor- 
responding unit on the eastern limb of 
which would be the Gile Mountain for- 
mation of the Strafford, Mount Cube, 
and Woodsville quadrangles (figs. 2 and 
12, B). The axial part of this fold would 
lie within dominantly calcareous rocks in 
the central parts of the East Barre and 
Strafford quadrangles and would be com- 
plicated by the later folds described far- 
ther on in connection with the structure 
of the central tectonic belt. Rocks at the 
horizon of Doll’s Standing Pond amphib- 
olite member, according to this interpre- 
tation, should outline the nose of the 
postulated major syncline in an area near 
the southeastern corner of the Randolph 
quadrangle and thence should trend 
northward along the boundary between 
the Gile Mountain (?) formation and the 
Waits River formation fo the west (fig. 
2). The western, less quartzose part of 
the Gile Mountain (?) formation in the 
Barre quadrangle then might be corre- 
lated with the slaty and phyllitic Meet- 
inghouse slate farther east. 

This alternative interpretation of the 
results of folding eliminates the strati- 
graphic arguments against the smaller- 
scale synclinal arrangement described 
above and implies that a considerable 
thickness of calcareous rocks—-shown as 
the eastern belt of the Waits River for- 
mation in figure 2——must lie stratigraphi- 
cally above the Gile Mountain forma- 
tion. No rocks that appear to be the 
equivalent of the Standing Pond amphib- 
olite member are present along the east- 
ern margin of the Gile Mountain (?) for- 
mation in the Barre and East Barre 
quadrangles, but this amphibolite is not 
continuous even in the Strafford quad- 
rangle. The most serious argument 
against the major-fold interpretation is 
the dominant occurrence of sinistral pat- 
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terns in the early-stage folds of the east- 
ern tectonic belt. 

3. Repetition of the formations by a 
strike fault at or near the eastern bound- 
ary of the Gile Mountain (?) formation 
(see fig. 12, A) is in many respects the 
most attractive interpretation, in the 
light of currently available field evidence. 
The formations on opposite sides of such 
a fault may be homoclinal and simply 
brought together by the fault, or the 
Gile Mountain (?) formation may repre- 
sent the western limb of a syncline whose 
eastern limb is cut off by the fault. The 
eastern boundary of the Gile Mountain 
(?) formation was compressed into at 
least one tight fold during the earlier 
stage of deformation (fig. 2); hence, if the 
fault follows this boundary, it must ante- 
date most or all of the earlier stage of de- 
formation. There is no evidence else- 
where in this region for a stage of faulting 
earlier than the earlier folding. This 
boundary, furthermore, is locally grada- 
tional and not so sharp as it should be if 
due to a fault. For these reasons it is un- 
likely that a fault lies exactly on the 
boundary. The strike fault, if it exists; 
probably lies somewhat farther east; thus 
it is necessary to assume at least a limited 
amount of calcareous rock above the 
Gile Mountain (?) formation, as shown 
in figure 3. 

Although a fault of the type postulat- 
ed above would best harmonize the 
known structural and stratigraphic rela- 
tions of the rocks involved in this discus- 
sion, there is no positive evidence for 
such a fault. Detailed mapping in the 
eastern part of the Randolph quadrangle 
is needed as a basis for choosing between 
the interpretation of the broad fold and 
that of the major fault. Indeed, it is 
needed fully to test the equivalence of 
the Gile Mountain formation and the 
unit tentatively correlated with it. If 


there is no such equivalence, the Gile 
Mountain (?) unit may well be simply a 
thick, noncalcareous member of the 
Waits River formation. The stratigraph- 
ic section, under these conditions, would 
be enormously thicker than postulated 
above. 


THE EASTERN TECTONIC BELT 


Early structure-—The rocks of the 
eastern tectonic belt are phyllites and 
schists of the Gile Mountain formation 
and Meetinghouse slate. The strike of 
bedding in individual outcrops is essen- 
tially parallel to the trend of the Meet- 
inghouse slate (fig. 2), and the dips are 
vertical, steeply east, or steeply west. 
Schistosity, a product of the earlier stage 
of deformation, is essentially parallel to 
bedding, and its prevailing attitude is in- 
dicated by the symbols for bedding in 
figure 2. Intersection of bedding and 
schistosity at low angles is evident locally 
but is not characteristic. 

Minor isoclinal folds with schistosity 
parallel to their axial planes are exposed 
in some areas. In the Woodsville quad- 
rangle these folds plunge s5°-60° in a 
northerly direction, with an average of 
about 32°. They generally have a sinistral 
pattern when viewed in plan or north- 
ward in section. This pattern is shown by 
eleven out of fifteen observed folds in the 
Woodsville quadrangle. In the Vermont 
portion of the Littleton quadrangle, 
farther northeast along the same struc- 
tural belt, J. H. Eric (personal communi- 
cation) noted that thirteen out of fifteen 
folds were of the same type. This pre- 
vailing pattern, which also is characteris- 
tic of the earlier folds in the western tec- 
tonic belt, indicates that rocks on the 
east were moved upward with respect to 
rocks on the west during the earlier stage 
of deformation. Interpreted as drag 
folds, they indicate that the rocks on the 
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west are older than those on the east. 
Their priority in the sequence of tec- 
tonic events makes these earlier folds 
much more reliable for such interpreta- 
tions than those of the later stage. 

In the northern part of the Woodsville 
quadrangle, the contact between the 
Waits River and Gile Mountain forma- 
tions is doubled back to form a V point- 
ing north and outlines a fold of sufficient 
size to be shown in figure 2. The axial 
plane of the fold strikes about N. 30° E., 
essentially parallel to the schistosity of 
the earlier stage of deformation; it is in- 
tersected at high angles by the slip cleav- 
age of the later stage, which here strikes 
N. 25°-45° W. The fold, which consists of 
an anticline partly cut off on its western 
limb by a fault, is therefore interpreted 
as a product of the earlier stage of defor- 
mation. It is the only large fold in the 
eastern tectonic belt that represents this 
stage. 

Later structure.—-Slip cleavage is char- 
acteristic of the later-stage deformation 
in the eastern tectonic belt, and its atti- 
tude is shown by the cleavage symbols in 
figure 2. It is poorly developed and local-, 
ly nonexistent in the eastern part of the 
belt, but farther west it is the dominant 
feature of the rock fabric. In the western 
part of the belt the cleavage planes are so 
closely spaced that in many places the 
identity of individual planes is only ap- 
parent under the microscope. This slip 
cleavage grades into the schistosity of the 
central tectonic belt without any abrupt 
change in orientation. It is characterized 
by northward strikes and eastward dips 
of 20°-70°. The average dip is less in the 
western part of the belt than in the east- 
ern part. 

Both beddiny and the earlier schistosi- 
ty are deformed in the minor folds of the 
later stage. The axial planes of these 
folds are parallel to the later slip cleav- 
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age, and the folds plunge northward at 
angles that commonly range from 15° to 
55°. The average plunge of fold axes in- 
creases from south to north in the belt. 
The later minor folds generally have a 
dextral pattern, and very few exceptions 
were noted among many hundreds of ob- 
servations. This pattern indicates a dif- 
ferential movenient in which rocks on the 
west rose with respect to rocks on the 
east, the reverse of the movement indi- 
cated by the pattern of the earlier folds. 
The number of later minor folds per unit 
area of outcrop increases westward in the 
belt, and the average acute angle be- 
tween adjacent limbs of individual folds 
decreases in the same direction. 

Comparison with western tectonic belt. 
The structural features of the eastern 
tectonic belt should be briefly compared 
with those of the western belt as a prel- 
ude to description of the central tectonic 
belt. In both eastern and western belts 
the earlier minor folds are predominantly 
sinistral in plan and plunge gently to 
fairly steeply northward. The later minor 
folds in the eastern belt plunge more or 
less parallel to the earlier folds, but, be- 
ing dominantly dextral, differ from the 
earlier in pattern. In most of the western 
tectonic belt, on the other hand, both 
earlier and later minor folds have the 
same sinistral pattern, although over 
wide areas these folds differ distinctly in 
plunge. Finally, the intensity of the later 
stage of deformation, roughly paralleled 
by intensity of thermal metamorphism, 
increases westward in the eastern belt 
and eastward in the western. 

These facts suggest that the effects of 
the earlier stage of deformation were rel- 
atively uniform over the entire region. 
During the later stage, on the other 
hand, the intensity of deformation and 
thermal metamorphism increased toward 
a maximum somewhere in the central 
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tectonic belt. Furthermore, the rocks of 
the central tectonic belt rose with respect 
to those on either side, as shown by the 
patterns of the later minor folds. 


THE CENTRAL TECTONIC BELT 


The dominant structural feature of the 
central tectonic belt is a broad cleavage 
arch that hitherto has been regarded as 
an ordinary anticline (E. Hitchcock, 
1861, p. 254; C. H. Hitchcock, 1912; 
Doll, 1945, p. 22). It is more than 10 
miles wide, with an axial plane that 
trends nearly north and probably dips 
more or less vertically. The arch can be 
traced far beyond the northern and 
southern limits of the area described in 
this paper. Demonstration of the true 
nature of this arch, which the writers do 
not regard as a simple anticline, is the 
chief purpose of the following discussion. 

Cleavage, bedding, and folds.—The 
principal cleavage of the central tectonic 
belt is a schistosity that was formed dur- 
ing the later of the two principal stages of 
deformation recognized in the region. 
Several lines of evidence lead to this con- 
clusion. 

The schistosity of the central belt, 
traced eastward, merges in attitude with 
the slip cleavage of the eastern tectonic 
belt and makes a high angle with the 
earlier-stage schistosity there. Further, 
the slip-cleavage planes of the eastern 
belt become more and more closely 
spaced toward the west and seem to 
grade into a schistosity as the septa be- 
tween slip planes becomes less and less 
distinct (White, 1940, pp. 590-591); the 
schistosity so formed is the characteristic 
cleavage of the central belt. Finally, 
traces of an earlier schistosity wrap 
around the noses of some minor folds in 
the more quartzose beds of the central 
tectonic belt. 

A different type of evidence concerns 
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the relation of cleavage to thermal meta- 
morphism. The slip cleavage of the east- 
ern tectonic belt was formed before the 
peak of thermal metamorphism in that 
belt, as shown by countless unbroken 
porphyroblasts that lie across slip-cleav- 
age planes. The schistosity of the central 
tectonic belt, on the other hand, is later 
than, or at least as old as, a considerable 
amount of the thermal metamorphism; 
many porphyroblasts are broken, and the 
schistosity tends to wrap around them. 
The porphyroblasts of the central tec- 
tonic belt cannot be vastly different in 
age from those of the eastern belt, inas- 
much as both fit a uniform pattern of 
metamorphism increasing in intensity to- 
ward the west. The apparent discrepancy 
in their relation to deformation in the 
two belts may be explained on the basis 
that the porphyroblasts were not strictly 
contemporaneous everywhere but began 
to form slightly earlier in the area that 
was ultimately most highly metamor- 
phosed. In any case, the main point of 
this argument is that the schistosity of 
the central belt, which is, at least partly, 
later than the associated porphyroblasts, 
may be contemporaneous with, but is 
certainly no older than, the pre-por- 
phyroblastic slip cleavage of the eastern 
belt. 

In the eastern belt and in the eastern 
part of the central belt, the later cleavage 
(slip cleavage or schistosity) strikes 
northwest and dips northeast, whereas in 
the western belt and western part of the 
central belt, it strikes northeast and dips 
northwest (fig. 2). In the middle of the 
central belt, along a line that trends 
nearly north through the middle of the 
Strafford and East Barre quadrangles, 
the schistosity strikes east and generally 
dips 10°—30° north, but in the southern- 
most part of the Strafford quadrangle it 
dips about 45° south. These attitudes 
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define the arch, which plunges gently 
northward over most of the area and 
rather steeply southward in the south- 
ernmost part. The southern part of the 
Stratford quadrangle, therefore, contains 
a doubly plunging arch, or dome, in the 
schistosity; this schistosity, as stated 
above, is a product of the later stage of 
deformation. 

The bedding in the rocks of the central 
tectonic belt is subparallel to this later 
schistosity in detail and is highly diver- 
gent from it in larger-scale trends. The 
contact between the Waits River and 
Gile Mountain formations (fig. 2) best 
reveals these trends and hence the true 
nature of the geologic structure. On the 
eastern side of the cleavage arch, this 
formation boundary trends nearly north 
through most of the Woodsville quad- 
rangle and thus parallels the strike of the 
rocks in the eastern tectonic belt. Near 
the southern boundary of the quad- 
rangle, however, the contact bends 
abruptly westward, and the bedding of 
the rocks along it is highly folded. Most 
of these folds are too small to be shown 
in figure 2. Both the folds and the major 
bend belong to tke later stage of defor- 
mation, as shown by their axial planes, 
which strike northwest in conformity 
with the slip-cleavage planes in areas far- 
ther east, and by the fact that the earlier 
schistosity is wrapped around the noses 
of the minor folds. 

These later folds are larger and more 
nearly isoclinal in the southeastern part 
of the East Barre quadrangle, and in the 
northern part of the Strafford quadrangle 
limbs of individual folds—-as measured in 
a single bed—-are as much as 3 miles long. 
The axial planes of these folds, as well as 
those of the minor folds on their flanks, 
are parallel to the schistosity that defines 
the major arch, and the folds typically 
plunge north-northeast or northeast. 
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Their axes make a moderate to large 
angle with the crestal line of the cleavage 
arch. 

Structure of the Strafford Village area. 

The relation of the large, nearly isocli- 
nal folds to the cleavage arch is best 
shown in the vicinity of Strafford Village 
(fig. 9). The rocks in this area belong to 
the Waits River and Gile Mountain for- 
mations. The Standing Pond amphibolite 
member of Doll, which lies at or near the 
top of the Waits River formation, forms 
an excellent marker horizon by means of 
which the geologic structure of the area 
can be clearly outlined. 

The crestal line of the cleavage arch 
divides the Strafford Village area into an’ 
eastern and a western flank. It trends 
nearly north in most of east-central Ver- 
mont, but west of Strafford Village it 
trends northwest for a short distance. 
Four large isoclinal or nearly isoclinal 
folds are apparent from the outcrop pat- 
tern of the Standing Pond amphibolite 
member on the eastern flank of the arch. 
These are named, from northeast to 
southwest, the Orange anticline, the Old 
City syncline, the Grannyhand anticline, 
and the Strafford Village syncline (fig. 
10). Each of these folds has specific char- 
acteristics. 

The Orange anticline (O in fig. 10) isa 
V-shaped fold, whose limbs meet in plan 
at an angle of about 60°. The bedding on 
the southwest limb is essentially parallel 
to schistosity, but on the northeast limb 
these two planar elements are markedly 
divergent. The average plunge of minor 
folds in the vicinity of the nose of this 
fold is 25° north-northeast. 

The Old City syncline (C in fig. 10) is 
relatively open, with prominent second- 
ary folds on its rather blunt nose. The 
average plunge of these minor folds is 
35 north-northeast. The outcrop of 
Doll’s Standing Pond amphibolite mem- 
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ber is very broad on the southern limb of 
this syncline, which is the northern limb 
of the Grannyhand anticline. Several 
hundred feet below the amphibolite, 
near the axial plane of the Grannyhand 
anticline, there is a thin and persistent 


of minor folds near this nose is 25° north- 
northeast. 

The Strafford Village syncline (A in 
fig. 10) is a tightly compressed isoclinal 
fold. All the stratigraphic units repre- 
sented are considerably thinned, particu- 
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Tectonic map of the Strafford Village area (see fig. 9). Folds are shown by distribution of 


Standing Pond amphibolite of Doll (stippled). A, A’, B, B’, C, C’, and O are traces of axial planes of folds, 
with dips also indicated; and D, E, and F are horizontal projections of fold axes, A, A’, D, Strafford Village 
syncline; B, B’, E, Grannyhand anticline; C, C’, F, Old City syncline; O, Orange anticline. 


horizon of coarse garnetiferous schist in 
the Waits River formation. 

The Grannyhand anticline (B in fig. 
10) is a moderately attenuated, almost 
isoclinal, fold. Its outstanding character- 
istic is a very pointed nose, which is re- 
flected by all the stratigraphic contacts 
that pass around it. The average plunge 


larly on its southern limb. The amphibo- 
lite is absent from many places. The en- 
tire fold is much constricted in the vicini- 
ty of Strafford Village but widens out 
farther west. The nose is very blunt, and 
the amphibolite in it has a wide outcrop. 
A unique characteristic of this nose is the 
marked concentration at its northern 
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“corner’’ of coarse garnetiferous schist in 
the Waits River formation beneath the 
amphibolite. The average plunge of mi- 
nor folds near the nose is 20° north-north- 
east. 

On the west limb of the cleavage arch 
is a group of folds that, in most respects, 
form mirror images of the anticlines and 
synclines just described. The first out- 
crops of amphibolite southwest of the 
crest of the arch outline a syncline (A’ in 
fig. 10). Like the Strafford Village syn- 
cline, this fold is isoclinal. All the strati- 
graphic units are much thinned, and the 
amphibolite is locally absent. The fold is 
more constricted near its “root” than 
farther north, the nose is very blunt, and 
the amphibolite in the nose has a large 
breadth of outcrop. 

Moreover, a very prominent concen- 
tration of garnetiferous schist is present 
in the Waits River formation beneath the 
amphibolite on the western “corner” of 
this nose. The average plunge of minor 
folds near the nose is 25° southwest, in 
the opposite direction from the plunge of 
analogous folds in the Strafford Village 
syncline. There can be little doubt that 
this fold is merely the Sttafford Village 
syncline exposed on the opposite, or 
western, flank of the cleavage arch. 

The anticline adjacent to the syncline 
just described shows a similar corre- 
spondence of distinctive characteristics 
with the Grannyhand anticline on the 
eastern limb of the cleavage arch and can 
be correlated with it. In the same way 
the syncline farther southwest corre- 
sponds to the Old City syncline. 

The amphibolite on the southern flank 
of the Strafford Village syncline was 
traced by Doll around the cleavage dome 
in the southern part of the Strafford 
quadrangle. As shown in figure 2, this 
trace is relatively smooth and has no 
sharp flexures like those near Strafford 
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Village. It seems likely, therefore, that 
the amphibolite that skirts the crestal 
part of the dome is everywhere on the 
same limb of the same isoclinal fold— 
specifically, the structurally lower limb 
of the Strafford Village syncline. 

The correlation of these folds is dia- 
grammatically presented in the tectonic 
map (fig. 10) and block diagram (fig. 11) 
of the Strafford Village area. The trace of 
the axial plane of the Strafford Village 
syncline (line A in fig. 10) doubles back 
on itself where it crosses the axial plane 
of the cleavage arch and joins line A’ on 
the western flank of this arch. This axial 
plane has not been actually mapped in 
the Waits River formation, but some 
such connection is almost certain. Traces 
of the axial planes of the structurally 
higher folds presumably pass around the 
crest of the cleavage arch farther to the 
north, beyond the Strafford Village area 
(cf. B and B’, C and C’, fig. 10). 

Axes of the folds are shown in horizon- 
tal projection by rows of arrows (lines D, 
E, and F, fig. 10). Although these axes 
diverge markedly from one another, all 
are essentially normal to the trace of the 
axial plane of the cleavage arch where 
they cross it. There is a close relationship 
in space between the isoclinal folds and 
the curve in the axial plane of the cleav- 
age arch, and a possible explanation of 
this coincidence is presented in the sum- 
mary of regional structure. 

It is apparent from the foregoing dis- 
cussion that the cleavage arch that domi- 
nates the central tectonic belt is not a 
simple anticline with older beds in the 
core and an uninterrupted sequence of 
successively younger beds on the flanks. 
The units that have been bowed up to 
form the arch are not stratigraphic units 
but, rather, are large isoclinal folds, simi- 
lar in appearance, though probably not in 
origin, to the recumbent folds of the Alps. 
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SUMMARY OF REGIONAL STRUCTURE 


The large-scale geologic structure of 
the eastern and western tectonic belts is 
simple, although extremely complex in 
detail. The steeply dipping stratigraphic 
units form a homoclinal series that ap- 
pears to lie on the east flank of a major 
anticlinal arch, the axis of which lies in 
the Green Mountains, west of the central 
Vermont area. This Green Mountain an- 
ticline is evidently the product of an 
early stage of crustal deformation, and 
subsidiary folds in both tectonic belts 
demonstrate for this stage a consistent 
upward movement of rocks on the east 
with respect to those on the west. These 
folds, interpreted as minor drag folds on 
the major anticline, characteristically 
plunge northward at small to moderately 
large angles. Their axial planes are paral- 
lel to a well-defined schistosity in the 
rocks. 

Products of a later stage of deforma- 
tion include a second generation of cleav- 
age, folds, and faults that are superposed 
upon the earlier structural features. In 
parts of the western tectonic belt, the 
orientation of these later features sug- 
gests that they were formed by a nearly 
horizontal shearing movement, with 
rocks on the east displaced northward 
with respect to those on the west. In the 
eastern part of the western tectonic belt 
and in the central and eastern belts, how- 
ever, the later structural features are 
closely related to the broad cleavage arch 
in the central belt. 

The structure of the central belt is best 


summarized by reference to figure 2 and 
to the diagrammatic cross sections in fig- 
ure 12. Owing to the consistent north- 
ward plunge of fold axes, the geologic 
map (fig. 2) displays many of the charac- 
teristics of a cross section and makes it 
possible to project structural details to 
somewhat greater depths than can be 
safely done in areas of more gently plung- 
ing or horizontal fold axes. The folds ex- 
posed in the Strafford quadrangle, for ex- 
ample, are probably similar to, if not the 
same as, the folds that might be expected 
at considerable depths in the Woodsville 
and East Barre quadrangles to the north. 

The geologic sections in figure 12 have 
been constructed by projecting map data 
into a single vertical plane, using the axes 
of minor folds as projection lines. This 
construction is largely mechanical in the 
interval between lines X-X’ and Y-Y’, 
and the only interpretive material in this 
interval is the fault on the east side of 
GM (?) in section A, and the diagram- 
matic folds in the bedding of the eastern 
belt of the Waits River formation in both 
sections. These folds are justified by the 
existence of the same type of fold in the 
eastern boundary of the formation, and 
the attitudes of their axial planes closely 
represent the attitudes of the axial planes 
of observed minor folds within the area 
mapped. 

The unusual structural features re- 
vealed in figure 12 require some explana- 
tion. In addition to the gross relation- 
ships revealed by the cross section, the 
following data also form a major part of 


Fic. 12.--Diagrammatic east-west structure sections of central and east-central Vermont, showing two 
possible interpretations of surface relations. Data projected from map (fig. 2) onto planes of sections, with 
northward-plunging axes of minor folds as projection lines. Details along lines X-X’ represent structure 
exposed in northern part of Barre, East Barre, and Woodsville quadrangles; details along lines )-¥" rep- 
resent structure at surface at approximate latitude of Bethel and South Strafford. Meetinghouse slate, next 
to Monroe fault, omitted from diagram. P-Ns, rocks older than Northfield slate; Vs, Northfield slate; 
WR, Waits River formation; GM, Gile Mountain formation; GM(?), rocks provisionally assigned to Gile 


Mountain formation. 
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the problem and of the evidence bearing 
on the problem. 

As shown by the section, the cleavage 
arch, a flexure in the axial planes of large 
and small folds in the bedding, is pri- 
marily within the eastern belt of the 
Waits River formation. The Gile Moun- 
tain formation is locally involved in the 
isoclinal folds on the eastern border of 
the Waits River formation, but other- 
wise the major complications are largely 
restricted to the predominantly cal- 
careous rocks. 

The intensity of thermal metamor- 
phism and deformation during the later 
tectonic stage decreases markedly away 
from the cleavage arch, as previously 
noted. This strongly suggests that an ac- 
tive tectonic element lay chiefly in the 
central belt during this later stage. The 
patterns of the folds on both flanks of the 
cleavage arch are the reverse of the pat- 
terns that would be expected in a normal 
anticline (Billings, 1942, pp. 76-81). 
They suggest strong upward movement 
of the calcareous rocks in the center with 
respect to the argillaceous rocks on 
either side, an upward welling akin to 
that in a diapiric or piercing fold. 

The bend in the crestal line of the 
cleavage arch west of Strafford Village 
also suggests upward welling or bulging 
of the calcareous rocks. As already point- 
ed out, this bend occurs where the Gile 
Mountain formation and the Standing 
Pond amphibolite member cross the 
crestal line in the noses of isoclinal folds 
(figs. 10 and 11). If the conditions of de- 
formation here were such that the rocks 
were all being deformed plastically (con- 
tinuous deformation), with the calcare- 
ous rocks being merely more “‘fluid’”’ than 
the noncalcareous,’ these noncalcareous 
rocks in the folds might act as a strap 
pulling downward across the arch and 
hence would inhibit upward bulging 
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along the line of crossing (line D, fig. 10). 
Such a mechanism explains two anoma- 
lous features of the area. First, the nose 
of the Strafford Village syncline is very 
blunt, unlike the other folds of the vicini- 
ty. Second, the cleavage 2 miles due west 
of Strafford village (fig. 9) dips rather 
steeply southeast instead of gently north 
or northwest, as would be expected near 
the crest of the cleavage arch. This blunt- 
ing and the anomalous dips occur at the 
edge of the lower “strap,” where the 
greatest distortion by upward-welling 
calcareous rocks might well be predicted. 
All the structural features of the later 
stage within a distance of about 10 miles 
of the crest of the cleavage arch, there- 
fore, point to a common upward move- 
ment of rocks of the central tectonic belt. 
Moreover, the central part of this belt 
coincides with the arch, itself suggestive 
of upward bulging. One possible sequence 
of events leading to the formation of the 
cleavage arch and its associated struc- 
tural features is illustrated in figure 13. 
Figure 13, C, is the same as the part of 
figure 12, A, between lines X—X’ and 
Y-—Y’ with one exception; the fault in the 
western part of the section is shown just 
east of, rather than along the eastern 
boundary of, the Gile Mountain (?) for- 
mation in order to illustrate a preferred 
alternative location and age for this 
fault. The fault as shown in figure 12, A, 
is folded and hence would be older than 
the fault as illustrated in figure 13. 
Figure 13, A,° and B, suggests that the 
$’One may safely assume that the conditions of 
deformation here were not such that the noncal- 
careous rocks behaved as brittle material, in contrast 
io the plastic calcareous rocks. There is no evidence 
of boudinage in individual outcrops, and the Stand- 
ing Pond amphibolite, though locally thinned to a 
few feet, can be found in its proper stratigraphic 


position throughout the Strafford Village area wher- 
ever outcrops are adequate. 


* Section A extends to greater depths than may 
seem reasonable to some geologists, even for folded 
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Fic. 13.—Diagrammatic east-west vertical sections showing possible evolution of structure in the 
central tectonic belt. Letter symbols are same as in fig. 12. Meetinghouse slate, next to Monroe fault, 
omitted from diagram. A, cleavage arch (suggested by dashed lines representing schistosity and axial 
planes of minor folds) begins to form, owing to upward flowage. B, folds in eastern boundary of Waits 
River formation become elongate and a!most isoclinal as they are brought together by continued upward 
transport; faulting along west side of arch. C, eastern side of area rises with respect to western, and iso- 
clinal folds are rotated into cleavage arch. B and C may have occurred simultaneously; that is, C may 
have developed directly from A by a combination of the movements of B and C, but without any inter- : 
vening stage B distinct as such. Cause of upward push, A and B, may be subjacent igneous rocks, ex- . 
treme flowage of calcareous rocks, or a combination of factors. 
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isoclinal folds in the border of the Gile 
Mountain formation were formed by 
drag and were brought together during 
upward movement of the rocks in the 
central part of the arch. It is assumed in 
figure 13, C, that the folded Gile Moun- 
tain rocks were rolled over the crest of 
the arch by vertical differential move- 
ment, rocks on the east rising with re- 
spect to those on the west. The move- 
ments shown in sections B and C may 
have been simultaneous if the crestal re- 
gion was simply rising more rapidly with 
respect to the western flank than were 
the rocks on the eastern flank. 

An alternative explanation of the 
structure in the central tectonic belt 
would involve superimposition of major 
upward bulging upon the axial part of a 
very large, earlier-formed syncline. This 
would yield the general relations sug- 
gested in figure 12, B, and would necessi- 
tate some major changes in interpreta- 
tion of stratigraphy in the region. 

Other explanations of the regional 
structure doubtless will occur to the ‘n- 
genious reader, but it scdrcely seems 
profitable to present additional working 
hypotheses until further field data are 
obtained. Any reasonable explanation, 
however, should be based on the geo- 
metric relationships revealed in figure 10 
and in the spaces between lines XX’ and 
Y-Y’ of figures 12, A, B, and 13, C, pos- 
sibly excepting the fault shown east of 
the Gile Mountain (?) formation. Fur- 
ther nore, it should not neglect the close 
connection between the upward arching 
and the patterns of the later minor folds 
on the flanks, particularly the dextral 
later-stage folds of the eastern tectonic 
geosynclines, and in construction there may have 
been assumed more vertical transport than is neces- 
sary to form the isoclinal folds of the Strafford and 
adjacent quadrangles. Or perhaps the formations 
were more gently inclined at the stage represented 


by section A 
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belt. The later minor folds not only are 
symmetrical in pattern with respect to 
the arch (i.e., opposite patterns on oppo- 
site flanks), but they definitely decrease 
away from the center of the arch in 
number and in the intensity of their de- 
velopment. The isoclinal folds at Straf- 
ford are an extreme manifestation of this 
later-stage folding. The later folds proba- 
bly cannot be divorced, as by a time-in- 
terval, from the formation of the arch. 

The ultimate cause of the upward 
flowage of material in the central tec- 
tonic belt is not known. It might be a re- 
sult of upward push by a large subjacent 
intrusive mass. Evidence in favor of this 
possibility is based largely upon analo- 
gy with other, near-by areas. There 
is, however, some suggestive evidence 
against such a cause. First, although 
plutons of Barre granite are prominent in 
and near the crestal region of the arch in 
the northern part of the area, detailed 
mapping of some of these plutons indi- 
cates that locally they cut across fold 
axes and were relatively late in the tec- 
tonic sequence. This is not a critical ob- 
jection, inasmuch as the wave of dis- 
turbance preceding a forcefully injected 
magma must logically already have 
passed any given point before the magma 
itself reaches that point. A second objec- 
tion is the fact that no granitic rocks 
have been found in the dome, or axis cul- 
mination, south of Strafford, in what 
might well be the apical region of a pos- 
tulated subjacent intrusive. In fact, even 
small dikes of granitic rocks are rare in 
the entire Strafford quadrangle. 

The upward migration of material 
may well have been assisted by the ex- 
treme mobility of calcareous rocks during 
deep-seated deformation; that is, the 
origin of the cleavage arch might have 
something in common with the formation 
of salt domes. The best evidence in favor 
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of such rock flowage is seen in many out- 
crops of interbedded calcareous and non- 
calcareous rocks, where the attenuated 
isoclinal folds in the calcareous layers 
contrast strongly with the more open 
folds in adjacent noncalcareous layers. 
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STABILITY RELATIONS OF GROSSULARITE* 


HATTEN S. YODER, JR. 
Geophysical Laboratory, Carnegie Institution of Washington 


ABSTRACT 


Exploratory experiments have been conducted to determine the stability range of grossularite garnet, 
Ca,AlL,(SiO,),. Grossularite probably has a field of stability at atmospheric pressure; although the garnet 
does not require pressure for its formation, pressure should favor its formation. Grossularite may form by 
reaction of its components in the solid state; the intermediate products obtained are presumed to be meta- 
stable. The majority of garnets described as grossularite are probably members of the hydrogrossular series as 
defined by Hutton. Pressure, in addition to temperature and time, determines the stable member of the 
hydrogarnet series. It is believed that the dry end member, grossularite, exists but that it cannot exist in the 
presence of water at elevated temperatures. The range of stability of grossularite is outlined indirectly from 
field and laboratory data in relation to the progressive metamorphism of a limestone containing clay impuri- 


ties. Grossularite has, as yet, not been synthesized. 


The inability of pressure to bring about reconstructive transformations is advanced. A critical amount of 
energy must be supplied before a given metamorphic reaction can take place. This level need not be reached 
solely by temperature, since the energy of secondary reactions, stress, hydrostatic pressure, and radioactive 


INTRODUCTION 


Grossularite, Ca,Al,(SiO,),, is a com- 
mon metamorphic mineral in calcium- 
rich rocks. Its origin has been the subject 
of much discussion because of the fact 
that this garnet has not appeared in syn- 
thetic equilibrium studies at atmospheric 
pressure. In addition, the synthetic prep- 
aration of the mineral by means of a flux 
has not been accomplished with cer- 
tainty. Further, natural grossularite de- 
composes at high temperatures into other 
minerals; the reaction has not been dem- 
onstrated to be reversible. These obser- 
vations have led to several theories of for- 
mation of the garnet. The principal the- 
ories postulate that the garnet forms at 
elevated temperatures. In addition, some 
theories postulate restrictions on one 
or more other variables, i.e., pressure, 
stress, composition, or catalyst. It was 
the purpose of this investigation to pre- 
pare grossularite under a wide range of 

' This paper was presented in partial fulfilment of 
the requirements for the degree of Doctor of Philoso- 
phy at the Massachusetts Institute of Technology. 
It was presented at the Ottawa mecting of the 
Geological Society of America, December, 1947. 
Manuscript received February 13, 1950. 


bombardment may contribute. A theoretica] explanation for the birefringence in some garnets is given. 


conditions with the principal theories in 
mind and to determine the range of its 
stability with respect to the variables 
specified. The details of the experiments 
will be presented under the method of 
attack. Each attack, although not strict- 
ly conforming to the conditions of the 
theories advanced, permits an evaluation 
of the effect of the variables applied. The 
various methods of attack were as fol- 
lows: 

1. The thermal behavior of natural 
grossularite and of synthetic glass of the 
composition of grossularite was studied 
by the quenching method. 

2. Natural grossularite and synthetic 
glass of the composition of grossularite 
were subjected to hydrostatic pressures 
up to approximately 4,200 kg/cm?’ at 
temperatures up to 1,355° C. 

3. Powders of natural and synthetic 
materials in the stoichiometric propor- 
tions of grossularite were pressed and 
sintered at a wide range of temperature, 
using the techniques of the power metal- 
lurgists. 

4. Differential thermal analysis was 
carried out on natural grossularite from 
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Georgetown, California, up to a tempera- 
ture of 1,270". 

5. Synthetic glass of the composition 
of grossularite was subjected to a hydro- 
thermal environment at pressures up to 


2,000 atm. and at temperatures up to 
goo”. 
THERMAL BEHAVIOR 


There is need for accurate information 
on the thermal behavior of grossularite 
at atmospheric pressure. Many attempts 
have been made to obtain the desired in- 


Si02g 


Fic. 1.—Portion of the equilibrium diagram 
CaO-Al,O,-SiO,. After Rankin and Wright with 
correction (see Schairer, 1942). Weight per cent. 


formation from natural crystals and from 
anhydrous synthetic mixtures. The first 
published efforts to melt grossularite are 
those of Des Cloizeaux in 1862. He re- 
ported that the natural material melts to 
a pyroxene and anorthite. Doelter (1903, 
p. 304) gave the beginning of melting of 
two natural grossularites to be 1,110° and 
1,125°. By 1915 the CaO-AlO,-SiO, sys- 
tem had been completed (Rankin and 
Wright, p. 44), but there was no field of 
stability for a compound of the grossu- 
larite composition (see fig. 1). It should 
be recalled here, however, that studies of 
fusion relations of minerals containing 
the principal rock-forming oxides have 
been primarily concerned with equilibria 


at the liquidus. In 1922, while working on 
the melilites, Buddington (pp. 41-43, 73) 
attempted to synthesize the garnet from 
a glass of the requisite composition. An 
artificial glass, heated for 16 hours at 
g8o°, gave an unidentified fibrous aggre- 
gate of moderate birefringence. At least 
two compounds were present. At the 
eutectic or melting point, 1,265°, the 
glass crystallized into a mixture of 
gehlenite, anorthite, and pseudowol- 
lastonite. A natural grossularite held for 
166 hours at 800° and for 16 hours at 
1,100 was unchanged. In 1935 Otto 
Zedlitz gave the melting point of grossu- 
larite from Cziklowa as 1,180° + 10°. 
He found no garnet lines and only one 
doubtful new line in the X-ray diffrac- 
tion pattern of a crystal which had been 
held at 1,190”. 

In order to correlate these seemingly 
unrelated facts, synthetic glass of the 
grossularite composition and natural 
grossularite were studied for their ther- 
mal behavior by the quenching method. 
A homogeneous glass corresponding to 
the compound Ca,Al,(SiO,), was pre- 
pared: 


CaO = 37.36 per cent 
Al.O; = 2 
SiO, 


2.63 per cent 
40.01 per cent. 


The index of refraction of several batches 
of the glass was 1.616 + 0.001. This 
agrees with the value obtained by extra- 
polation from the refractive indices of 
known glasses bracketing the composi- 
tion of the Ca,AL,(SiO,), glass. The pur- 
est natural grossularite described in the 
literature is from Georgetown, El Dorado 
County, California. Dr. Adolf Pabst 
(1936, p. 9), who described the occur- 
rence, gave the writer a generous collec- 
tion of samples from this locality. The 
materials used were hand-picked crystals 
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which were ground and centrifuged in 
carefully prepared Clerici solutions 
(Jahns, 1939). The powder X-ray dif- 
fraction data for the Californian grossu- 
larite have been determined by Dr. 
Pabst, but were used in such a way in 
several papers (1936, 1937, 1942) that 
the observed spacings were never pub- 
lished. Through the courtesy of Dr. 
Pabst they are recorded in table 1. 
Small amounts of the synthetic glass 
and the natural crystal were held side by 


TABLE 1 


POWDER X-RAY DIFFRACTION DATA 
FOR GROSSULARITE FROM NEAR 
GEORGETOWN, CALIFORNIA* 


din A X 10 


400 2.96 8 
420 2.65 10 
322 2.53 2 
422 2.4! 6 
$10, 43! 2.33 5 
521 2.16 6 
440 2.10 1.5 
532 1.92 7 
444 1.71 6 
640 1.65 8 
642 1.58 9 
800 1.455 5 
741 1.450 I 
840 1.327 5 
842 1.205 6 
664 1.270 2 
853, O41 1.205 1.5 
862, 1020 . 1.162 I 
864, 1040 . 1.110 5 
1042 1. O81 4 
880 1.046 4 
1200, 584 I 
1220 0.976 I 
1004, 1222 ; 0.960 3 
1200, 1084 0.333 2 


*Mo-K., radiation. Zr filter. Cassette radius = 8 inches 
a 


Density = 2.6; " = 1.737; @- = 11.85 + 0.01 


side at given temperatures for various 
periods of time. The charges were then 
dropped into cold mercury in order to 
“freeze’’ the condition established at the 
elevated temperature. This procedure 
was repeated until the appearance or dis- 
appearance of a phase was ascertained 
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within narrow limits of temperature. The 
phases developed at the elevated tem- 
perature were identified, after quench- 
ing, both by their optical properties and 
by their X-ray diffraction patterns. In 
general, those charges quenched from 
subsolidus temperatures required the use 
of X-ray patterns for identification be- 
cause of the extremely small size of the 


nel 6I6 Georgetown, Col. 


Synthetic Glass Gros sular ite 
| 


Gel+Wol+An (2 wks) 
—1000— 
Grossulorite 


(Foiled to Crystollize) 


Fic. 2.—Thermal! behavior of a synthetic glass 
of the grossularite composition and a natural 
grossularite. 


crystals. It is realized that phases present 
in amounts less than approximately 5 per 
cent would not be recorded on the X-ray 
diffraction film. Some difficulty was also 
experienced in assigning the atomic- 
plane spacings calculated from a given 
film to the several phases present. This 
problem is apparent from an examination 
of the spacings for the various phases 
encountered. A summary of the results is 
presented in figure 2. 

The thermal behavior of the natural 
material shows that grossularite decom- 
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poses in the solid state into gehlenite, 
wollastonite, and anorthite: grossularite 
—» gehlenite + wollastonite + anorthite. 
This was anticipated by Grubenmann 
and Niggli in 1924 (p. 129). There was no 
evidence for an intermediate liquid stage. 
(For this reason it would be incorrect to 
speak of the “melting” of grossularite.) 
This decomposition is extremely slug- 
gish; it takes place at 1,060° + 20° in 2 
weeks, but it is possible that with longer 
heating it would take place at a consider- 
ably lower temperature. The decomposi- 
tion of natural grossularite was not found 
to be reversible. From these considera- 
tions alone it can be stated that the de- 
composition of natural grossularite takes 
place near or below 1,060° or, conversely, 
that the upper limit of thermal stability 
for natural grossularite is below 1,060”. 

The results for synthetic glass of the 
grossularite composition show that the 
decomposition products may be stable at 
as low a temperature as 850°. The impor- 
tance of the period of heating is again to 
be emphasized. From this standpoint the 
upper thermal stability limit of grossu- 
larite would appear to be about 850°. Be- 
fore this conclusion can be drawn, it will 
be necessary to observe the decomposi- 
tion products in equilibrium with the 
garnet. 

It is realized that the temperature ob- 
tained for the wollastonite-pseudowol- 
lastonite transformation, 1,171° + 1°, on 
the basis of short runs, does not agree 
with the value now accepted, 1,124° + 2° 
(Foster, 1942), which is based on very 
long runs. The temperature of transfor- 
mation in the natural material is prob- 
ably near that obtained by long runs on 
synthetic glass of the wollastonite com- 
position. 

The point of beginning of melting, 
1,260° + 3°, of the gehlenite-pseudowol- 
lastonite-anorthite mixture agrees sub- 
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stantially with the accepted eutectic 
temperature, 1,265° + 5°, established by 
Rankin and Wright (p. 37). 

The liquidus temperature determined 
by the writer, 1,336° + 5°, is close to that 
established by Buddington (1,344° + 3°) 
but disagrees with that estimated from 
the diagram of Rankin and Wright 
(1,310°). At the writer’s request, Dr. J. F. 
Schairer determined the liquidus tem- 
perature, and his value of 1,348° + 3° is 
accepted. 

The results raise at least two ques- 
tions: Why is the grossularite decom- 
position not reversible? and Why did the 
glass not crystallize below 850°? Possible 
answers are suggested in the following 
theoretical speculations. 

Buerger (1945) has pointed out that 
there are two important kinds of poly- 
morphic transformations, displacive and 
reconstructive. Transformations involv- 
ing a slight displacement of parts of the 
atomic structure are termed “dis- 
placive.”’ This is a critical phenomenon 
and takes place instantaneously without 
help. An example of this type is the 
alpha-beta quartz transformation. Trans- 
formations, on the other hand, requiring 
a tearing-down of one structure and a re- 
building to form a differently linked 
structure or structures are termed “‘re- 
constructive.’’ They are sluggish and re- 
quire help. An example of this type would 
be the quartz-to-cristobalite transforma- 
tion. 

It is obvious that the structure of 
grossularite (Menzer, p. 391) cannot be 
produced by any simple displacement of 
the structures of gehlenite (Warren, 
1930), wollastonite (Barnick), or anor- 
thite (Taylor, Darbyshire, and Strunz). 
If grossularite is to be a product of a re- 
action of these three silicates, it must be 
by a reconstructive transformation; that 
is, a tearing-down of the various struc- 


tures and a rebuilding on the basis of the 
grossularite unit cell. If Buerger’s con- 
clusions are acceptable, then the reaction 
must have help. This help could be a fluid 
medium, or, in general, a catalyst. 
Reasoning based on the principles of 
atomic structure of glasses as advanced 
by Zachariasen leads to the conclusion 
that the production of grossularite from 
a synthetic glass is unlikely. A glass is a 
slightly higher energy form than its cor- 
responding crystalline structures. Fur- 
ther, a glass inherently has the crystal- 
line structure of its crystalline high-tem- 
perature equivalents but lacks their pe- 
riodicity. (For another statement of this 
concept see Goranson, p. 326.) That is, 
the bonding and co-ordination of the 


An 


Geh 


Fic. 3.—Location of pseudo-binary, wollaston 
ite-anorthite and gehlenite. 


atoms in the glass are essentially the 
same as in the high-temperature crystal- 
line products. For grossularite, we may 
state that a glass of the composition of 
grossularite will have as its next lowest 
energy form the structures inherent in it, 
namely, gehlenite, pseudowollastonite, 
and anorthite. (This is, perhaps, an ex- 
ample of the Ostwald Rule of Successive 
Reaction.) Therefore, the grossularite 
glass is not likely to crystallize out into 
anything but the high-temperature min- 
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erals unless some reconstructive trans- 
formation takes place. Again the conclu- 
sion is reached that the reaction requires 
assistance. 

As a corollary of the above specula- 
tions, a tentative picture can be drawn 
up with the data at hand. On the as- 
sumption that grossularite is in equilib- 
rium with its decomposition products at 
some temperature below 850°, a pseudo- 


An Lig 


Wol + An + Ger 


Wol + Gross 


wo! 


An+ Ger 


Groes 


Fic. 4.—-Pseudo-binary, wollastonite-anorthite 
and gehlenite. 


binary diagram can be constructed. For 
simplicity, a section from wollastonite to 
the gehlenite-anorthite eutectic will be 
taken (fig. 3); the ternary eutectic and 
the composition of grossularite will be 
projected on this plane. The postulated 
diagram is given in figure 4. The validity 
of this picture will be discussed at the end 
of the paper. 

In 1922 Buddington (p. 43) attempted 
to determine the equilibrium diagram for 
another section through the ternary—the 
grossularite-gehlenite join. His data are 
presented in a diagram (fig. 5). Budding- 
ton states that no solid solutions of gehle- 
nite and grossularite exist above the 
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eutectic point, 1,265°, but that they do 
exist below the solidus. Winchell (1924) 
largely discredited the latter part of this 
conclusion on the grounds of structural 
dissimilarity. Buddington describes his 
products as “inhomogeneous’’; it is sus- 
pected that they consist of the eutectic 
mixture. 


HYDROSTATIC PRESSURE 


Theories on the formation of grossu- 
larite in which the pressure variable is 


Geh + Liq 


° 
° 


Inhomogeneous 


Tempereture °C 


One Prose 


Gen Gross 


Fic. 5. 
grossularite 


Buddington’s pseudo-binary, gehlenite 


considered can be reduced to two cate- 
gories: (1) Pressure favors the formatio.. 
of grossularite but is not required, i.e., 
a field of stability exists at atmospheric 
pressure. (2) Pressure is required for the 
formation of grossularite, i.e., a field of 
stability does not exist at atmospheric 
pressure. Both theories agree that the 
formation of grossularite is favored by 
increasing pressure, but they differ on the 
existence of a field of stability at at- 


mospheric pressure. The second theory 


involving pressure has been clearly stated 
by Adams (1941, p. 450): “It is certain 


also that garnets, which do not form at 
atmospheric pressure, must at a suffi- 
ciently high pressure be the stable form 
of the corresponding silicate mixtures.” 
The idea was conceived in 1912 by Fer- 
mor (1913, p. 42) that garnets required 
pressure for their formation. He based 
this concept on a comparison of the spe- 
cific gravities of the norm minerals of a 
garnet-bearing rock with the actual min- 
erals present. Later, Fermor (1938, p. 50) 
excluded the varieties spessartite and 
melanite but indicated that the applica- 
tion of pressure is “helpful’’ in the for- 
mation of all garnets. Fairbairn arrived 
at the same conclusion as that stated by 
Adams after considering the high pack- 
ing index of the garnets: ‘*. . . although 
certain garnet varieties have been pre- 
pared synthetically, the mineral has 
never been found to crystallize at room 
pressure from melts approaching normal 
magmatic proportions. This might be 
possible under suitable high pressure.” 
The first theory was implied by Gold- 
schmidt (1912, p. 8): “Beim Grossular 
wird das Stabilitatsgebiet mit steigen- 
dem Druck erweitert, da er ein kleineres 
Volumen einnimmt als seine Zerfallspro- 
dukte.’’ Later Grubenmann and Niggli 
(1924, p. 129) pointed out: “Wenn nun 
Grossular bei ebenfalls hoher Temper- 
atur stabil ist, so muss wenig unter- 
halb 1265° bei gewéhnlichem Drucke 
eine zweite Vierphasenreaktion stattha- 
ben, welche lautet: 

II. Grossular = Anorthit + Gehlenit + 

Wollastonit.”’ 


In the next paragraph it is stated: “Auch 
wenn letzterer [Grossular| nicht stabil 
sein sollte, verhalten sich die natiirlichen 
Vorgiinge so, dass diese Reaktion in 
Betracht zu ziehen ist.’ In another place 
Grubenmann and Niggli (p. 107), on 
comparing the molecular volumes of the 


| 
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phases in the reaction quoted, indicate 
that the formation of grossularite is 
favored by pressure. 

If grossularite is indeed a pressure 
mineral (a mineral which cannot form 
without the aid of pressure), it is neces- 
sary to represent its field of stability on a 
pressure-temperature diagram. There- 
fore, in order to test these two theories, 
it was necessary to derive theoretically 
the P-T diagram for grossularite and 
then to attempt to determine experimen- 
tally the range of its field of stability. The 
nature of the stability field can be de- 
duced from the principles established by 
Schreinemakers.’ The actual disposition 
of the stability field on the co-ordinates 
of pressure and temperature requires cer- 
tain thermodynamic data not now avail- 
able. The reasoning which leads to a 
schematic pressure-temperature diagram 
for grossularite and the minerals with 
which it is in equilibrium is directly ob- 
tained from Schreinemakers’ principles 
and need not be presented. The final dia- 
gram is given in figure 6. Each curve is 
denoted by the phase which is missing in 
the four-phase reactions. The univariant 
curve reactions are as follows: 


(Liq) grossularite — gehlenite 
+ wollastonite + anorthite , 
(Geh) anorthite + wollastonite 
+ grossularite = liquid , 
(An) wollastonite + grossularite — 
liquid + gehlenite , 
(Wol) grossularite — liquid 
+ gehlenite + anorthite , 
(Gr) gehlenite + wollastonite 
+ anorthite = liquid . 


The three-phase combinations in the 
divariant fields are indicated. 

2 A brief and more readily available discussion of 
these principles has been given by Morey and Fenner 
(1917). 
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Grubenmann and Niggli (p. 130) de- 
veloped a similar diagram. They noted 
that the points representing the composi- 
tion of wollastonite, eutectic liquid, and 
grossularite almost lie on a straight line. 
If this were exactly true, either gehlenite 
or anorthite could be in equilibrium with 
the liquid. They concluded that the four- 
phase univariant curves (Geh) and (An) 
were coincident. This simplification is 
not justified for the purposes of this part 


Lig + Wol + Gr (An) Geh + Wol 
Liq +An+Wol Geh+An+Gr 
Geh+Wol+t Gr Liq+An+Wol 
Gen+An+Gr Lig+Gen+Gr 
LiqtAn+Gr Liq+An+Gr 


Gr + An+Wol Liq+Geh+An 
Gr + Geh+ Wo! Liq+Wol+An 
Gr +Gen+An Liq+Geh+Wol 


Pressure —= 


Temperature —= 
Fic. 6.—Theoretical pressure-temperature dia- 
gram of the system gehlenite-wollastonite-anorthite. 


of the investigation. They also have as- 
sumed a negative slope for the (Gr) curve 
which is unlikely. One additional three- 
phase combination, (Gr) + (Wol) + 
(Liq), is possible but is not represented 
on their diagram. 

From the experiments on the thermal 
behavior of synthetic glass of the com- 
position of grossularite, it has been 
known that the curve (Gr) in figure 6 in- 
tersects the atmospheric pressure line at 
1,265°. The trend of the curve (Liq) will 
determine which of the two theories in- 
volving pressure is most probable. If 
(Liq) intersects the atmospheric pressure 
line, then pressure is not required for the 
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formation of the garnet. The experimen- 
tal procedure followed in testing the 
validity of the pressure theories will now 
be described. 

In view of the fact that the reactions 
involved proved to be sluggish, it was 
reasoned that direct attack would not be 
possible. Work at relatively high tem- 
peratures and pressures was considered. 
The exploratory program of experimen- 
tation was outlined to intercept the 
curves (Gr) and (Liq) at high tempera- 
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ganin wire coil. The temperature was 
measured with chromel-alumel thermo- 
couples embedded in the packet of syn- 
thetic glass. Details of the apparatus may 
be found in the original thesis (Yoder, 
1948), and similar apparatus has been 
described by Birch and Law (pp. 1221- 
1226).3 

The pressure in the system was 
brought up to the desired value first, an 
operation requiring some 2 hours. The 
temperature was raised as rapidly as pos- 


TABLE 2 


Conprtions 


Propucts 


P 
(Kg/Cm’) 


4,100 
4,180 


Glass 
Glass 


Synthetic Glass Natural Crystal 


| 


4,100 
2,240 
4,200 
1,260 
2,300 
3,090 


Geh, Wol, An(?), Glass 
Geh, Wol, An, Glass 
Geh, Wol, An, Glass 
Geh, P-Wol, An, Glass 
Geh, P-Wol, An, Glass 


Geh, P-Wol, An, Glass | 


| Gross 

Gross 

Gross, Geh, Wol, An 
Geh, P-Wol, An 

| Geh, P-Wol, An 


4,220 | 
4,010 

| 


Geh, P-Wol, An 
Geh, Glass 


Gross, P-Wol, Geh, An 
| Geh, Glass 
| 


* The temperature is the highest temperature reached during the run. The time is that continuous period when 
the temperature was within 10° of the maximum. The pressure is the average pressure in effect over the time period 


tures, where the reaction rates presum- 
ably would be high. An effort was also 
made to find the metastable extensions 
of (Geh), (An), and (Wol). After the par- 
tial determination of any two of these 
curves, their projection and intersection 
would indicate the most promising range 
of conditions for experimentation. The 
technique, in general, consisted of apply- 
ing a given hydrostatic pressure on 
packets containing synthetic glass of the 
grossularite composition and of the natu- 
ral grossularite. These were enclosed in a 
steel bomb fitted with an internal electric 
furnace. The pressure was measured by 
the change in the resistance of a man- 


sible to within approximately 20° of the 
desired value. Usually another hour had 
elapsed before the pressure and tempera- 
ture were adjusted to the desired values. 
Caution was necessary to avoid over- 
shooting the temperature. Continual 
readings of both the pressure and the 
temperature were then begun. The dura- 
tion of the run was more often decided by 
the failure of the packings due to heat 
than by choice; the temperature of the 
surface of the bomb reached over 300° in 


+ The details of an improved apparatus for ob- 
taining high pressures (10,000 kg/cm*) and high 
temperatures (1,400°) are soon to be published by 
the writer. 


HIGH-PRESSURE AND HIGH-TEMPERATURE DATA* 

j 
T 
(Min.) 
7O2.. 105 | ‘ 

1,028 5 
1,029 45 | 
1,177 15 
1,197 30 
1,215 60 
30 

15 


some runs. The samples were quenched 
by cutting off the power input and re- 
leasing the pressure. Temperature and 
pressure fell to about 50° and 100 kg/cm? 
in less than 3 minutes. The samples on 
removal were examined microscopically 
and by means of X-rays. The results are 
given in table 2. It should be realized 
that these experiments are exploratory in 
nature and serve only as a step in the 
development of a method to determine 
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the earth, assuming the average rock 
density to be 2.67. The temperature was 
considerably in excess of that existing 
some 10 miles in the earth (approxi- 
mately 460°), assuming a continuation of 
a near-surface temperature gradient 
equal to 1° C. per 118 feet. An evaluation 
of the time factor, which, in fact, is a con- 
sideration of the reaction rate, is, of 
course, not possible. It was shown in the 
experiments on the thermal behavior of 


5000 T T T T T T 


4 1 4 


700 800 900 1000 noo 1200 1300 1400 
Tempercture °C 
Fic. 7.—Temperature-pressure diagram for synthetic glass of the grossularite composition 


silicate equilibrium under high pressures 
and high temperatures. 

The data for the synthetic glass are 
plotted on a pressure-temperature dia- 
gram in figure 7. The size of the cross is a 
measure of the error. It is seen that only 
approximate locations of the curve (Gr) 
and the wollastonite-pseudowollastonite 
transformation curve were obtained. 
These are not sufficient to determine the 
location of the field of stability of gros- 
sularite. The maximum pressure applied 
on the samples is equivalent to that pres- 
sure existing approximately 10 miles in 


synthetic glass that grossularite might 
not be stable above approximately 850°. 
At first glance it would seem as though 
the experiments were conducted at too 
high temperatures, but a review of the 
theoretical P-T diagram indicates that 
the positive slope of the curve (Liq) would 
permit intersection of the field of stabil- 
ity of grossularite at higher tempera- 
tures. It is believed, therefore, that the 
experiments were conducted in the most 
probable range for the stability field of 
grossularite. 

It is of interest to see whether the ex- 
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perimentally determined curves (Gr) and 
the wollastonite transformation agree in 
slope with those which can be calculated 
from approximated thermodynamic val- 
ues. 

From the relations given by Lewis and 
Randall, the following equation for the 
change in eutectic temperature with 
pressure in a ternary system has been 
derived: 


dT _T(N,AVi+ N:AV2+ NsAVs) 
dP + Nolet Nol; 


where P = pressure, 7 = temperature, 
N = mol fraction of the component in 
the liquid phase, 1 = molar heat of solu- 
tion of the component in the eutectic 
liquid, and AV = difference between the 
partial molar volume of the component 
in the liquid and the molar volume of the 
solid component. The subscripts refer to 
the three components, gehlenite, pseudo- 
wollastonite, and anorthite. Since experi- 
ence has shown that the form of the 
liquidus surface changes only slightly 
with pressure, the change of the eutectic 
temperature with pressure can be consid- 
ered to be of the same order of magnitude 
for a point close to the eutectic, i.e., the 
grossularite composition. 

Using the values given in the accom- 
panying tabulation for the gehlenite- 


ie 
| (Ce/Mol) | (Keal/Mol) 
Gehlenite 
Pseudowollas- 
tonite 
Anorthite 


eutectic, 


pseudowollastonite-anorthite 
the d7/dP has been calculated with the 
above formula. The mol fraction was cal- 
culated from the weight per cent diagram 
of the ternary system as determined by 
Rankin and Wright. The volume changes 
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were calculated from the specific gravi- 
ties of the mineral and its corresponding 
class given in the Handbook of Physical 
Constants (Birch et al.). The average spe- 
cific gravity of their glasses, 2.83, com- 
pares favorably with the specific gravity 
measured for a glass of the grossularite 
composition, 2.84. This is a reasonable 
comparison, in that the minerals each 
contribute approximately one-third to 
the glass, and its composition lies close to 
that of the grossularite glass. From the 
same Handbook the heats of fusion were 
taken as close approximations of the 
heats of solution. It was necessary 
to use the heat of fusion for ‘‘takerman- 
ite’ because none was available for 
gehlenite. 

Substituting these approximations in 
the above formula and correcting for di- 
mensions, it was found that the eutectic 
temperature of gehlenite-pseudowollas- 
tonite-anorthite varied at the rate of 
about 4° per 1,000 kg/cm’. The experi- 
mental data indicate that the minimum 
dT/dP must be 7° per 1,000 kg/cm’. 
Considering the magnitude of error in- 
volved in the approximations of the cal- 
culated value, the errors in the experi- 
mental data, and the basis for compari- 
son, the correlation is satisfactory. The 
magnitude of the effect of pressure on the 
melting point of rocks and minerals was 
calculated by Dane. He found that 
bytownite should have a dT) dP of about 
8° per 1,000 kg/cm? as calculated from 
the Clapeyron equation. Assuming that 
the value is about the same ‘for anorthite 
and that the liquidus surface does not 
change form, good correlation is again 
found. It can be concluded, then, that 
the rate of change of the eutectic tem- 
perature with pressure for a point having 
the composition of grossularite is about 
7° per 1,000 kg/cm’. 

Although information is not available 
to calculate the change in composition of 


the eutectic point with pressure (McKay 
and Higman), it can be shown (Deffet) 
that the composition will shift toward 
that phase having the smallest change in 
volume between the solid and the liquid 
states. In the case at hand, the shift 
would occur toward the pseudowollas- 
tonite corner of the ternary, that is, al- 
most directly away from the composition 
of grossularite. 

An approximation of the effect of pres- 
sure on the temperature of the wollas- 
tonite transformation can be calculated. 
Using the heat of transformation given 
by Wagner, the densities of the two min- 
erals given by Winchell (1931, pp. 297, 
299), and the Clapeyron equation, the 
dT /dP of the transformation is found to 
be about 1° per 1,000 kg/cm?*. The mini- 
mum rate of change of transformation 
temperature with pressure as estimated 
from the experimental data is about 2° 
per 1,000 kg/cm’. Very long runs will be 
required for an accurate determination of 
this transformation. 

The change of free energy, AF, of a 
system is a convenient measure of the ex- 
tent to which a reaction can go in one 
direction or the other. A calculation of 
the change in free energy for the forma- 
tion of grossularite is not possible at this 
time. There is no doubt, however, that a 
decrease in volume would take place if 
the decomposition products of grossu- 
larite were to react and yield grossularite. 
Qualitatively, it can be stated for that 
reaction that a decrease in AF would 
take place with an increase in pressure, 
according to the equation 
dAF 


The magnitude of this change in free 
energy must be small, compared to the 
free energy change with respect to tem- 
perature: 


dAF 
AS 
aT AS. 
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With a decrease in temperature, there is 
a decrease in entropy and hence an in- 
crease in AF. This follows from the mech- 
anistic picture of entropy and the fact 
that grossularite decomposes at high 
temperatures. From this simple thermo- 
dynamic analysis, it is seen that gros- 
sularite is at least favored by high pres- 
sures and low temperatures. 
Thermodynamics can only indicate 
whether a reaction can proceed in a given 
direction but cannot say whether it ac- 


aa 


Pressure 


az 


Temperature —e 
Fic. 8.—Aluminum co-ordination and stability 
range (after Thompson, 1947). 


tually will go. It is probable that pres- 
sure can bring about only displacive 
transformations and cannot bring about 
reconstructive transformations. 

A structural analysis of grossularite 
also suggests that its formation is favored 
by high pressure and low temperature. 
Wickman (p. 394) has emphasized the 
fact that aluminum “is generally found 
in four-coordination, but when the para- 
genesis has been one of high pressure it 
occurs in six-coordination.”’ This idea has 
been summarized by Thompson in an- 
other fashion (fig. 8). This generalization 
is based on field evidence. If this is rea- 
sonable, it may be said that grossularite, 
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which possesses octahedrally coordinated 
aluminum, is stable under high pressures 
and low temperatures. 

The experimental data show that gros- 
sularite was not produced under high 
pressure from a synthetic glass in a range 
of conditions most favorable for its for- 
mation. It was tentatively concluded 
that the application of some variable 
other than pressure is required for the 
formation of grossularite but that pres- 
sure would, theoretically, favor its forma- 
tion. 

SINTERING EXPERIMENTS 


Another theory suggests that gros- 
sularite may be formed by reaction of its 
components in the solid state. Although 
the mechanics of chemical reactions 
among dry particles is not well under- 
stood, it is held that the most important 
process is that of diffusion. “Diffusion”’ 
is defined here as a kinetic phenomenon 
whereby an atomic interchange takes 
place between two or more crystalline 
substances. The main factors involved in 
the diffusion process can be reduced to 
the following terms: 

1. Nature of reacting materials 
2. Catalytic agents 
3. Area of grain contact 
a) Grain size 
b) Density of mixture 
©) Degree of mixing 
4. Sintering temperature 
5. Time 
A few statements will be made relevant 
to each of these variables. Diffusion takes 
place most readily with those materials 
having atoms of large radii and low ac- 
tivation energies. In endothermic reac- 
tions the energy required for activation, 
in general, is at least as great as the endo- 
thermic heat of reaction. Any agent 
which weakens the bonding between the 
reacting materials will be catalytic. One 
of the most important factors is maximiz- 
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ing the area of contact between the re- 
acting grains. This can be brought about 
by thorough mixing, by decreasing the 
grain size, and by pressing the materials 
to their maximum density. It has been 
shown that there is a critical pressure be- 
yond which no appreciable change in 
density of the resulting briquette is 
achieved. The pressing operation may be 
aided by the addition of a small amount 
of lubricant to the mixture—graphite, 
water, or a volatile hydrocarbon. In that 
diffusion may be considered as disorder- 
ing, it is reasonable that some critical 
amount of energy must be added to the 
system before the atoms can overcome 
the potential barriers of interchange; i-e., 
a critical temperature must be reached 
before diffusion will begin. (However, the 
critical amount of energy may be the 
summation of the energies supplied by 
stressing, secondary reactions, etc.) It 
has been shown by experiment that an 
optimum temperature exists at which the 
rate of diffusion is greatest. This tem- 
perature in many cases coincides with 
transition points in the reacting mate- 
rials. Although the time available to 
bring about diffusion is experimentally 
limited, more consideration must be 
given this factor than has been shown in 
past experiments. 

Many reactions have been postulated 
or inferred from observations of reaction 
rims and the like in nature for the forma- 
tion of grossularite. A number of possible 
reactions can be obtained directly from a 
consideration of the reaction pairs in the 
CaO-AlL,O,-SiO, diagram. The reactions 
which were tested experimentally are the 
following: 

3 calcite + alumina + 3quartz=— (1 

grossularite + 3 CO, , 

2 calcite + wollastonite + kaolin== (2 

grossularite + 2 H,O + 2 CO,, 


¢ 


3 calcite + kaolin + quartz = (3) 


grossularite + 2 H,O + 3CO,, 


calcite + wollastonite + anorthite = (4) 
grossularite + CO, , 


2 wollastonite + anorthite = (5) 
grossularite + quartz , 


3 wollastonite + alumina = (6) 
grossularite . 


Circumstance did not permit the testing 
of the well-known formation of grossu- 
larite from melilite, but other “down- 
grade’? metamorphic reactions are in- 
cluded. 

Five-gram mixtures were prepared in 
the stoichiometric proportions indicated 
in the above equations. The resulting 
mixtures were ground dry for a half-hour 
in a mullite mortar, using an electrically 
driven pestle. Each mixture was then 
dry-pressed for 15 minutes (without the 
addition of a lubricant) under approxi- 
mately 7 tons per square inch into a 
briquette 1 inch in diameter and about } 
inch thick. The six briquettes were cut 
into six equal portions and wrapped in 
platinum foil. A sample of each briquette 
was placed in a porcelain crucible along 
with a packet containing a 40 uw powder 
of a synthetic glass of the composition of 
grossularite. The crucibles containing the 
seven platinum packets were fired in 
nichrome-wound furnaces at 500°, 600°, 
700°, 800", goo®, and 1,000° C. regulated 
to +5° by various types of temperature 
controls. The samples were held at these 
temperatures for 500 hours, after which 
they were ground, subjected to X-ray 
and optical examination, and the prod- 
ucts compared with the unfired portions 
of the mixtures. 

In the above operations an effort was 
made to maximize the contact area of the 
grains by minimizing the grain size, 
thorough mixing, and increasing the den- 
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sity of the mixture by pressing. The 
presence of the gases CO, and H,O can 
have a catalytic effect besides thei; mass- 
action effect, according to Hedvall. The 
sintering temperatures were selected in 
ranges in which transitions for some of 
the constituents were known, on the basis 
of previously described experiments in 
the CaO-SiO, system, and on the fact 
that grossularite is decomposed above 
1,060°. The heating period was mainly 
fixed on the results of the work of Kréger 
and Illner. They found that reactions in 
the solid state between CaCO, and SiO, 
reached equilibrium under their own CO, 
pressure between 250 and 300 hours. 
Taylor and Williams found that reac- 
tions between MgO and SiO, had not 
gone to completion even after 104 days, 
but they state that lime-silica mixes 
reach equilibrium more easily. A long 
heating period would tend to eliminate 
intermediate products. 

Some of the results of the sintering ex- 
periments are given in table 3. There 
were no changes in the mixtures shown 
on the left side of equations (5) and (6) at 
the temperatures of the experiment. The 
glass gave no optical evidence of crystal- 
lizing until goo”. Gehlenite, wollastonite, 
and anorthite were identified by X-rays 
in the glasses held at goo and 1,000”. 

The mixtures of equations (1), (2), and 
(3) began to react between 500° and 600°. 
The compound 8-2CaO - SiO, was formed 
in these cases. It is not possible to 
state from these experiments whether the 
dicalcium silicate is a stable or a meta- 
stable compound. In general, dicalcium 
silicate is considered by many investiga- 
tors to be the primary phase when calcite 
and quartz are heated in various ratios; 
however, continued heatings usually re- 
sult in other products. Presumably, the 
end product at those temperatures in 
which the dicalcium silicate is formed 
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could be the same as at a higher tempera- 
ture, or could be the garnet. The final 
products at higher temperatures were 
gehlenite, wollastonite, and anorthite. It 
has been thought in tle past that the re- 
sults of a diffusion process operating over 
a long time at a low temperature would 
be equivalent to the results of the same 
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reached equilibrium after 250-300 hours 
at 560° under approximately 1 atm. of 
CO, pressure. Other workers find the be- 
ginning of the wollastonite reaction, 


CaCO, + SiO, — CaSiO; + CO, , 


at temperatures ranging from 500° to 
goo”. The temperature is greatly depend- 


Temperature 


Room. 


goo and 1,000 


TABLE 3 


RESULTS OF SINTERING EXPERIMENTS* 


Calcite 
(Juartz 
Aluminat 


Calcite 
(Quartz 
Alumina 


Calcite 
Quartz 
Alumina 

Dicalcium silicatet 


Wollastonite 
Dicalcium silicate 
Quartz 

Alumina 


Wollastonite 
Gehlenite 
Dicalcium silicate 
Quartz 

Alumina 


Gehlenite 
Wollastonite 
Anorthite 


Equation No 


Calcite 
Wollastonite 
Kaolin 


Calcite 
Wollastonite 
Kaolin 


Wollastonite 
Dicalcium silicate 
Alumina 


W ollastonite 
Dicalcium silicate 


Calcium aluminate 


Gehlenite 
Wollastonite 
Anorthite 
Dicalcium silicate 


Gehlenite 
Wollastonite 
Anorthite 


* Particle size <5 w. Pressed at 7 tons/sq in. Sintered for 500 hours 


t Gamma alumina 
8-dicalcium silicate 


Calcite 
(Quartz 
Kaolin 


Calcite 
(Quartz 
Kaolin 


Calcite 

(Quartz 

Dicalcium silicate 
Alumina 


Dicalcium silicate 
Quartz 
Alumina 


Gehlenite 
Wollastonite 
Anorthite 
Quartz 


Gehlenite 
Wollastonite 
Anorthite 


4) 
Calcite 
Wollastonite 
Anorthite 


Calcite 
Wollastonite 
Anorthite 


Calcite 
Wollastonite 
Anorthite 


Wollastonite 
Anorthite 
Calcite 


Wollastonite 
Anorthite 
Gehlenite 


Gehlenite 
Wollastonite 
Anorthite 


process operating over a short time at a 
high temperature. This is true only if 
equilibrium obtains and if no reactions or 
transformations have occurred. 

It is to be noted in mixture (1) that 
wollastonite was not produced until a 
temperature between 600° and 700° was 
reached. Kréger and Illner found that a 
1:1 mixture of calcite and quartz had 


ent on the ratio of components and on 

the presence of catalytic agents. It is also 

possible that this reaction took place: 
2 CaO + SiO, + SiO, — 2 CaSiO; . 


Such intermediate reactions can be ex- 
pected in the diffusion process. 

The formation of gehlenite appears to 
have taken place between 700° and 800°. 
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This also most likely proceeded through 
an intermediate reaction as follows: 


2 CaO SiO, + AlO; — Ca,Al,SiO; . 


This would not occur in nature. 

The same eutectic mixture obtained 
from melts was produced near and above 
800°: gehlenite, anorthite, wollastonite. 
The sintered mixtures were readily 
ground to a powder. No evidence of glass 
could be found. Here, then, is another ex- 
ample of equilibrium products obtained 
some 400° below the eutectic temperature 
(1,265°). 

Mixtures (2) and (3) are of particular 
interest for the reactions involving kao- 
lin. The silica of kaolin first reacts with 
calcite between 500° and 600° with the 
formation of 8-2CaO - SiO,. This agrees 
with the conclusions of Hedvall, except 
that he placed the beginning of the re- 
action at 70o°-750°. It is interesting to 
note that Hyslop says the “SiO, pro- 
duced by the decomposition of kaolinitic 
clay at 700°, 1050°, and 1150° is chemi- 
cally inactive’’ as judged by its insolubil- 
ity in hot sodium carbonate. The alumina 
of the kaolin reacted with calcite to form 
CaO - ALO, between 600° and 700°. This 
again matches the conclusions of Hedvall. 
The activity of kaolin appears to be di- 
rectly related to the temperature at 
which it loses its chemically bonded 
hydroxy] groups. 

The mixture represented by equation 
(4) reacted at a temperature between 
700° and 800°. Instead of the postulated 
reaction, the following occurred: 


Anorthite + 2 calcite — gehlenite (7) 
+ wollastonite + 2 CO,. 


The development of gehlenite at the ex- 
pense of anorthite is not unknown in field 
occurrences. One example is that of the 
Iron Hill stock in Colorado. Here the ac- 
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tion of a basaltic magma on a marble 
produced a melilite-pyroxene rock. Later, 
according to Larsen, hydrothermal solu- 
tions produced a garnet at the expense of 
the melilite. Tilley and Harwood found 
the same thing at Scawt Hill, County 
Antrim, and postulated this equation: 


2 CaAl,Si,0, + 3 CaO — 2 Al,O,- 
SiO, + 3 CaO + AlyOs 3 . 


It appears, then, that equation (7) is a 
primary reaction and that an upper tem- 
perature limit can be placed at 800° for 
the reaction. 

Equation (5) has been postulated by 
Harker (p. 94) from field evidence to ac- 
count for the apparent incompatibility of 
wollastonite and anorthite below a fixed 
temperature. However, he does point out 
cases where wollastonite and anorthite do 
occur together with or without grossu- 
larite. Because the several cases can oc- 
cur in close proximity, neither tempera- 
ture nor pressure differences can be sig- 
nificant. An examination of the postu- 
lated P-T diagram (fig. 6) will show that 
in the field (Liq)(Geh) the association of 
anorthite, wollastonite, and grossularite 
is possible under equilibrium conditions 
as well as in other associations. The fail- 
ure of the anorthite and wollastonite to 
react in the range of geologic tempera- 
tures encompassed by the sintering ex- 
periments indicates that variables other 
than temperature are critical or that the 
association is permissible according to 
the P-T diagram. The equation conforms 
to the concept of reaction pairs in the 
CaO-Al,0,-SiO, diagram. Brouwer states 
that the reaction indicated in equation 
(5) will proceed only at high pressure. 

Diffusion, as a process in metamor- 
phism, is neither a new concept nor one 
unsupported by field and laboratory 
data. Changes in the mineralogy of a 
rock can occur without the addition or 
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subtraction of material, without the aid 
of solutions or catalysts, and without the 
application of extreme pressures, stresses, 
or temperatures. The only condition 
which must be satisfied by the reaction 
resulting in a change of mineralogy is 
that the new mineral assemblage repre- 
sents a lower free-energy state. 

It has been pointed out that a certain 
critical amount of energy must be ap- 
plied to a system in order for a reaction 
to take place. The critical energy level 
need not be reached solely by changes in 
pressure, temperature, or volume. En- 
ergy provided by stressing, radioactive 
bombardment, secondary reactions, etc., 
may in summation reach the critical 
level. 

It is recalled that each briquette was 
pressed under approximately 1,000 atm. 
pressure. This pressure was applied to 
the aggregate of grains to bring them into 
closer contact. But, in bringing the 
grains into closer contact, each grain was 
stressed differentially at the points of 
contact. In this manner additional en- 
ergy was imparted to the system. This 
energy is equivalent to a given amount of 
thermal energy. The reaction would, 
therefore, proceed at a lower tempera- 
ture. Had the briquettes been pressed 
under a greater pressure, the reactions 
would have been expected to take place 
at a still lower temperature. For this rea- 
son, the term “critical temperature” for 
a reaction in nature is to be considered 
valid only in those cases where tempera- 
ture alone was effective. 


DIFFERENTIAL THERMAL ANALYSIS 


The method of differential thermal 
analysis is based on the fact that sub- 
stances may absorb or release heat en- 
ergy in the course of certain chemical or 
physical changes. The change of a sample 
to a different energy state may be deter- 
mined by comparing the sample with a 
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thermally inert substance heated under 
the same conditions. If the sample is ab- 
sorbing heat in a thermally rising envi- 
ronment, it is cooler than the inert sub- 
stance. A temperature differential will 
result between the sample and the inert 
substance. By measuring this tempera- 
ture differential and the temperature, in- 
formation is obtained regarding the 
changes in energy state of the sample. 
This method was first applied by Le 
Chatelier in 1887. 

The type of differential thermal ana- 
lyzer used in the experiments has been 
described in detail by Beck. Modifica- 
tions in the amplifier circuit were made 
by Alfred J. Frueh. A few further altera- 
tions were made by the writer, which will 
be noted now in a brief description of the 
apparatus. 

The equipment consists of a circular 
platinum-wound furnace arranged hori- 
zontally on a moving track. The furnace 
slides over an alundum tube holding a 
metal block in which the sample and the 
reference substance were held. Instead of 
a block of nickel, as normally used, one of 
a similar design was prepared from N- 
155, a well-known “superalloy.”’ Only a 
thin scale developed at temperatures up 
to 1,290°. Thick scales not only destroy 
the block but also prevent even heat con- 
duction to the materials within the block. 
Any phase changes in the metal are as- 
sumed to affect the sample and the refer- 
ence substance to the same extent. The 
sample and the reference substance 
(quartz) were placed in two laterally ar- 
ranged holes in the block. These were in- 
tercepted symmetrically by considerably 
smaller horizontal holes for the differen- 
tial thermocouple leads. A third horizon 
tal hole, parallel and on the same radius 
as the latter, provided a receptacle for 
the standard thermocouple. A constant 
heating rate of 5°-6° per minute was 
maintained by a motor-driven variable 
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resistor and a series of slide-wire re- 
sistors. Platinum and platinum(go per 
cent)-rhodium(10 per cent) thermo- 
couples were used. The e.m.f. from the 
differential thermocouple was electroni- 
cally amplified and continuously re- 
corded. The temperature of the block was 
read on a potentiometer to an accuracy 
of 2° and recorded by hand at given time 
intervals and at significant changes in the 
differential temperature on the time-con- 
trolled chart. The chart then furnished a 
record of the differential temperature 
and the temperature with respect to 
time. 
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One run was made in a differently 
designed apparatus by Maurice Tripp, in 
order to determine the reproducibility of 
the data. The curve produced by this ap- 
paratus agreed not only in form but in 
the critical temperatures within the limit 
of measurement. The data to be pre- 
sented are therefore considered to be re- 
producible for the given sample of gros- 
sularite. 

The data from the record of the dif- 
ferential temperature and temperature 
with respect to time have been plotted as 
differential temperature versus tempera- 
ture and are presented in figure 9. No 


500° 
Quortz (reference) 


Endothermic 


1000 


Six successful runs were made on the 
Californian grossularite, only one of 
which will be presented in detail. All the 
runs showed the same form of curve, but 
variations in temperature were as great 
as 8° at significant changes in the differ- 
ential temperature. Because of the great 
number of variables inherent in the as- 
sembly of the apparatus for each run, 
such agreement is considered satisfac- 
tory. These variables include: (1) pack- 
ing of the unknown and reference mate- 
rials in their receptacles, (2) position of 
the thermocouple bead in the receptacle, 
(3) thermal level of the furnace at the 
beginning of the run, (4) variability of 
the heating rate, and (5) drift in the 
thermocouple e.m.f. amplifier. 


Temperature °C. 
Fic. 9.—Differential thermal analysis curve of a natural grossularite 


absolute measure of the differential tem- 
perature was made either by experimen- 
tation or by calculation. The first sig- 
nificant changes in the test materials 
took place above goo”. The quartz trans- 
formation which takes place at 573° has 
been plotted on another line but was 
taken from the same curve as that of the 
grossularite. An interpretation of each of 
the thermal peaks follows. 

The nature of the reaction or transfor- 
mation which was registered by the peak 
occurring at approximately 1,020° was 
not evident at first and even now requires 
confirmation. The first suggestion was 
that the peak represented the energy in- 
volved in the transformation which had 
been observed optically as the change 
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from isotropic to birefringent garnet. 
H. E. Merwin (Wright, 1915) found that 
the birefringent type reverted to the 
isotropic condition at about 800° but did 
not regain its birefringence after the 
crystals were heated for several hours at 
600°. J. J. Glass (Stose and Glass, 1938) 
reported that birefringent garnets from 
York County, Pennsylvania, became 
isotropic at 860° and did not invert on 
cooling down. Esper S. Larsen, Jr., also 
expressed the opinion in a personal con- 
versation with the writer that the iso- 
tropic garnet was the high form which 
became birefringent on cooling. The 
statement is made by Winchell (1933, 
p. 182) that ugrandite, a series of the 
garnet group which is comprised of uva- 
rovite, grossularite, and andradite, of 
igneous rocks does not always invert to 
the birefringent condition on cooling. As 
the Californian grossularite has remained 
isotropic, no optical confirmation of this 
suggestion was possible. However, if a 
transformation took place which brought 
about such a change in optical proper- 
ties, it most probably involved a change 
in structure. It is to be recalled that no 
measurable difference in X-ray pattern 
was obtained after holding samples of the 
Californian grossularite at temperatures 
on either side of the thermal peak at 
1,020° for extended periods. This fact is 
not sufficient evidence that a change in 
structure did not take place. The reasons 
for this conclusion will be expanded in 
the following paragraphs. 

Menzer found that grossularite has 
eight “molecules” to the unit cell, is built 
on a body-centered lattice, and has the 
space group O}. The atomic positions are 
given as follows: 

16 Al in 16(a) 
24 Ca in 24(c) 
24 Si in 24(d) 
096 O in 
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If a crystal of this structure also con- 
tained some trivalent iron, they would 
most likely occupy positions equivalent 
to that of the aluminum to satisfy the 
bonding requirements. For the crystal to 
maintain its symmetry, the iron and 
aluminum atoms would have to be dis- 
tributed over the 16-fold symmetry posi- 
tions at random. Should the iron atoms 
or the aluminum atoms become ordered 
in any way over this 16-fold position, 
there would be a reduction in symmetry. 
The result would be a derivative struc- 
ture, i.e., a subgroup of the symmetry of 
the basic grossularite structure. In addi- 
tion, Buerger (1947) has shown that the 
ordering of these atoms may take place 
in such a manner that there is no change 
in translation period. Therefore, in a 
powder diffraction pattern neither new 
atomic planes nor a multiplication of the 
unit-cell dimension would be observed. 
It is conceivable, then, that a change of 
structure might have taken place at 
1,020° and, being perhaps a rapidly re- 
versible reaction, may have been missed. 
The analogy would be the alpha-beta 
quartz transformation which involves 
order and disorder of another sort. 

A further point is of interest with re- 
gard to the conversion from the bire- 
fringent condition to the isotropic condi- 
tion. The majority of garnets described 
as birefringent belong mainly to what is 
called the ‘“‘grossularite-andradite  se- 
ries."’ If some trivalent iron atoms were 
ordered in a unit cell based on alumi- 
nums, it would seem that more energy 
would be required for disorder, that is, 
for the aluminum and iron atoms to ex- 
change position. Less energy would be 
required, on the other hand, for some 
aluminum atems to exchange positions in 
a structure based on the iron atoms. This 
suggested itself from the fact that Mer- 
win (Wright, 1915) was able to convert 
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his birefringent garnets to the isotropic 
condition at 800°, whereas those of Inger- 
son and Barksdale from Nevada decom- 
posed at about 1,225° without ever be- 
coming isotropic. The latter case was 
also the experience of the writer with 
some birefringent calcium-iron-rich gar- 
nets from New Mexico. A more detailed 
examination of the birefringent garnets 
of this series may bear out the above 
correlation. 

The second suggestion in explanation 
of the endothermic peak at 1,020° was 
that the effect represented a reaction in 
which some volatile impurity or constitu- 
ent was given off. The only volatile con- 
stituent in the analysis of a grossularite 
taken not more than a hundred yards 
from that under examination was water. 
An inspection of some twenty analyses of 
natural grossularite in the literature 
showed that H,O* was not an uncommon 
constituent. In view of the possibilities of 
this suggestion, the following section has 
been devoted to the hydrothermal as- 
pects of the grossularite garnet. 

The next significant change in the dif- 
ferential thermal curve takes place at 
about 1,100°, where another endothermic 
reaction begins. Turning back to the 
quenching experiments, it is seen that at 
about this temperature the natural gros- 
sularite began to decompose in the solid 
state into gehlenite, wollastonite, and 
anorthite. It is to be realized that this 
does not fix the lowest temperature at 
which grossularite decomposes. It is be- 
lieved that this decomposition continues 
absorbing heat from about 1,100° to ap- 
proximately 1,260°, where melting took 
place. This agrees within the error of 
measurement with the temperature of 
the eutectic fixed by the quenching tech- 


nique. Since the composition of grossu- 
larite and hence the bulk composition of 
the mixture gehlenite, pseudowollaston- 


ite, and anorthite lies close to the com- 
position of the eutectic point of the three 
minerals, melting of the mixture takes 
place almost completely at the tempera- 
ture indicated. As the level of the melt in 
the receptacle lay below the bead of 
the differential thermocouple, further 
changes had no meaning. If the thermo- 
couple still had been within the body of 
the melt, a small temperature differential 
would have existed because of the differ- 
ent heat capacities of the melt and the 
reference substance. 

It is to be emphasized that the above 
conclusions are based on the data of a 
single specimen. Differential thermal 
analysis of a number of grossularite speci- 
mens of high purity and of both the 
isotropic and birefringent types would be 
of great value. 

In summary, it has been demonstrated 
that the Californian grossularite under- 
goes the following changes of energy 
state in a thermally rising environment: 

1. An undetermined, endothermic, ir- 
reversible reaction or transformation re- 
sulting in no measurable change in the 
X-ray powder pattern. 

2. An endothermic reaction according 
to the equation: 


Grossularite — gehlenite 
+ wollastonite + anorthite . 


3. A reversible, endothermic reaction 
according to the equation: 


Gehlenite + pseudowollastonite 
+ anorthite = liquid . 


HYDROTHERMAL ENVIRONMENT 


Another theory for the formation of 
grossularite requires that its components 
react in a hydrothermal environment. 
Since the ideal formula for grossularite 
contains neither hydroxyl groups nor 
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water molecules, the presence of water 
apparently acts as a catalyst to the re- 
action. However, water molecules or hy- 
droxyl groups may be a necessary com- 
ponent of the garnet. 

Many authors, especially Hutton, 
have cited field evidence for the hydro- 
thermal nature of grossularite, but little 
experimental work has been done to fix 
the range of its stability in such an en- 
vironment. In 1883 Gorgeu wrote that he 
had possibly made grossularite by pass- 
ing hydrogen and steam over a mixture 
of pipe clay and CaCl, in a platinum 
crucible at cherry-red heat for half an 
hour. Five years later, he (1887) again 
reported the possible synthesis of gros- 
sularite by a similar method. In 1909 
Shepherd and Rankin described the for- 
mation of grossularite by the action of al- 
uminum chloride upon calcium orthosili- 
cate heated under pressure in a steel 
bomb at a temperature of 400° + 50°. 
The first detailed work on grossularite 
was that of Flint, McMurdie, and Wells 
in 1941. They were primarily concerned 
with the compound as a_ hydration 
product of Portland cement. Some of 
their work in the system grossularite- 
andradite-3CaO Al,O, 6H,O-3CaO - 
Fe,0, -6H,O will now be described 
briefly. 

Flint and Wells subjected a glass, 
n = 1.607, of the grossularite composi- 
tion to various hydrothermal environ- 
ments. The glass was analyzed by them 
and found to contain the ingredients 
shown in the accompanying table. It is 


Analysis Grossularite 


Per Cent) Per Cent 


37.30 
22 63 
40.01 


100.00 
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presumed that the stated index of refrac- 
tion of the glass is in error. On holding 
this glass for 6 days at 500° + 5° and at 
420 atm., an isotropic crystalline phase 
was obtained with an index greater than 
1.66 (probably near 1.71 by interpolation 
from other data given). The product on 
ignition lost weight equivalent to 2.4 per 
cent water. The X-ray pattern of the 
product proved to be that of “grossu- 
larite’’ with a slightly larger unit cell 
(11.91 A). The spacings of the atomic 
planes were not given, but McMurdie 
said they compared favorably with those 
of a natural grossularite which were 
given. 

Other temperatures and pressures were 
tried by Flint and Wells, but the results 
were not published.‘ The pressure was 
determined from the specific volume 
curves for water vapor of Van Nieuwen- 
burg and Blumendal, using the initial 
volume of water (10 ml.), the volume of 
the bomb (40 ml.), and the temperature 
(500°). Since the reaction consumes some 
water, less water must have existed in the 
fluid phase; hence the pressure existing 
in the bomb is probably less than that 
computed. 

On the basis of four other points repre- 
senting compositions containing integral 
mols of water between 3CaO - Al,O, - 
35i0, and 3CaO - Al.O, - 6H,0, Flint 
and Wells arrived at the conclusion that 
a complete series of solid solutions, the 
hydrogarnet series, exists between these 
two end members. Although the actual 
products did not correspond exactly to 
the theoretical values, the conclusion 
was supported by the approximately 
linear change in unit-cell sizes as deter- 
mined by McMurdie (see fig. 14). One of 
the points corresponded closely to the 

‘An unsuccessful attempt was made with the 


help of Dr. Wells to locate the data during a brief 
visit to the Bureau of Standards in 1947. 


Cs 
CaO 37.27 
ALO, 22.75 
SiO, 30.95 
| | 


mineral plazolite, 3CaO + Al,O, 2SiO, - 
2H.,0. In discussing their results in gen- 
eral, it was noted by them that “above 
or below the optimum temperature, 
crystallization is either very slow or de- 
composition to more than one product 
occurs.”’ Further, it was stated that ‘“‘de- 
parture in the water contents of the prep- 
arations from theoretical values is caused 
partially by the fact that in some cases a 
small percentage of the unreacted glass 
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CaO + B-2 CaO - SiO, + Al,O;:2 SiO, = 3 CaO + Al,O; - 3 SiO, , 
(dehydrated kaolin) 
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remained after the hydrothermal treat- 


tained a few percent of poorly crystal- 
lized material, indicating that the action 
of the glass with water was not com- 
pletely uniform.” 

Later in the same year, Flint and Wells 
(1941) tried to synthesize grossularite 
hydrothermally, using crystalline com- 
pounds instead of glass. The following 
reactions were postulated: 


3 CaO SiO, + SiO, = 3 CaO + 3 SiO, . 


The results concerned with mixtures of 
the grossularite composition from both 
papers are tabulated in table 4 with those 
obtained by the writer. In these experi- 
ments they again ascribed the failure to 
obtain the “dry” grossularite as due to 
incomplete reaction, noting that with 
higher temperature there is a \sreater 
“rate of combination.”’ From their com- 
ments it may be concluded that materials 
of the grossularite composition, either 
crystalline or glass, will unite at slightly 
elevated temperatures, given sufficient 
time, to form a dry garnet, irrespective of 
the relative amount of water present or 
the pressure acting. It must be supposed 
that the grossularite-3CaO Al,O, - 
6H.0 series should be dependent on other 
variables than the composition of the 
initial solid materials, the temperature, 
and time. 

The writer interprets the statement of 
Flint and Wells to mean that this series 
is one of complete solid solutions of the 
type of which high-temperature alkali 
feldspars are an example. Diagrammati- 
cally, this would be as in figure to. Ii 
these relations are true, then, no matter 
how small the mol fraction of water in 


(dehydrated kaolin) 


the system was, a hydrogarnet would 
form. In other words, the dry end mem- 
ber could not be made in the presence of 
water. At the moment, this does not 
seem to fit the fact that grossularite is 
often found in close association with 
idocrase (vesuvianite) and zoisite, which 
contain hydroxyl. Field evidence sug- 
gests that idocrase forms at a slightly 
lower or the same teraperature as the 
garnet. A study of their crystal struc- 
tures shows that idocrase contains por- 
tions of the garnet unit cell (Warren and 
Modell). Recalling the analogous situa- 
tion in staurolite and kyanite, their close 
association is to be expected. It must be 
stated that the water content of the gar- 
nets found with idocrase is not known. 
There are suggestions that idocrase itself 
may belong to a series in which the water 
content is variable (see analysis in 
Pabst, 1936). 

In 1943 Hutton described a group of 
minerals which had a much lower index 
and specific gravity than the garnet. Not- 
ing the low percentage of silica and the 
important amount of water in the analy- 
sis of these minerals, he assigned them to 
the hydrogarnet series. All isomorphous 
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mixtures between plazolite and grossu- 
larite were given the name “hydrogros- 
sular.’’ These have been expressed by the 
general formula 
(McConnell, 1942). “Hydrogrossular” 
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tion of refractive index with density in 
accordance with the Gladstone and Dale 
law (Larsen and Berman). Deviations 
are presumably due to the presence of 
other atoms in the natural minerals. 


TABLE 4 


MaTeRiALs 


Glass (m= 1.616) 


Grossularite (m= 1.734) 


Flint, McMurdie, and Wells | 


Glass (n = 1. 607) 420 


Ca0+8-2CaO SiO, + dehy- 
drated kaolin 

3CaO + SiO, + dehydrated 
kaolin 

3CaO + SiO, + dehydrated 
kaolin 


includes the general name “grossularoid” 
of Belyankin and Petrov and the mineral 
name “hibschite’’ (Pabst, 1942). The in- 
dices and specific gravities of the mem- 
bers of the series are plotted in figure 11. 
The straight line is the theoretical varia- 


HYDROTHERMAL TREATMENT OF MATERIALS OF THE GROSSULARITE COMPOSITION 


| 
Pex Cent Inpex oF 
Crystats Rerraction 


X-RAY 
IDENTIFICATION 


Tiwe 
(Hours) 


1.65 Not det. 

1.69 | Not det. 

1.665 | Not det. 

1.68 Not det. 

1.67 | “Grossularite”’ 

1.667 Not det. 

I. 703 Not det. 

1.705 “ Grossularite” 

1.685 | Not 

1.715 Not 

1.720 | Not 

1.703 Not 

1.722 Not det. 

| Geh, Wol, An; 

| “Grossularite”’ 
Geh, Wol, An 
Geh, Wol, An; 

“Grossularite” 

723 Geh, Wol, An; 
“Grossularite” 

Geh, Wol, An 

Geh, Wol, An 


1.717 


Not det. 
1.722 


Not det. 
Not det. 


1.734 Grossularite 


P. 21) 


144 95(?) 1.71(?) | “Grossularite” 


Flint and Wells (1041, p 


“‘Grossularite”’ 
(?) 
(?) 


The hydrogarnet series also has a rea- 
sonable variation in crystal structure. 
The structures of grossularite (Menzer), 
plazolite (Pabst, 1937), and Ca,Al,(OH),, 
(Brandenberger) have been worked out. 
In the structure of grossularite, the sili- 
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cons are tetrahedrally coordinated, the 
aluminums are octahedrally coordi- 
nated, and the calciums have eight Unestwetes 
bonds. An interesting point reviewed by Solution 
Wickman (p. 378) is that ‘“‘six-coordi- 
nated aluminium usually occurs only in 
those silicates formed under high pres- 
sure or in connection with hydroxyl 
groups.”’ In progressing toward the hy- 
drous end of the series, there are fewer 


Hydrogornets 


silicons, and the structure terminates CosAL(SIO,), 


with (OH) place of the Fic. 10.—Hypothetical solubility diagram, tri- 
which co-ordinated the silica. When the calcium aluminum hexahydrate—grossularite 


Hibschite 
o (Belyankin and 
Plozolite 
(Pabst) 


Refractive index 


(Thorvaldson et al.) 


3.2 
Density 


Fic. 11.—Relation of refractive index to density in the grossularite-tricalcium aluminum hexahydrate 
series. An application of the Gladstone and Dale law 
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structure is completely devoid of silicons, 
the aluminums and calciums become 
completely surrounded with hydroxy! 
groups. The deficiency of silica should 
not be termed “replacement of silica by 
water.” A suggestion as to the relative 
amount of energy required to drive out 
the hydroxyl groups is given in figure 12. 
The hydroxyl groups are more tightly 
held, the greater the percentage of silicon 
present, or, in other words, the less wa- 
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Flint et al. 


1 | l l 

Co,ALISIQ, OH), Co, Al,(0H), 

(Grossulorite)  (Piazolite) 

Weight Per Cent 


Fic, 12.—Temperatures at which hydroxyl 


groups are released in the grossularite—tricalcium 
aluminum hexahydrate series 


ter, the lower the vapor pressure at any 
temperature. It is conceivable that the 
distribution of silicon could be in an or- 
derly fashion or in a random fashion. In 
the former case the crystal need no longer 
be isotropic. It has been noted by Hutton 
that, to the present time, no natural min- 
erals of the series more hydrous than 
plazolite have been found. It is possible 
that plazolite represents a minimum en- 


ergy configuration in the series, as Buer- 
ger suggests from the work of Chao and 
Taylor for certain members of the plagio- 
clase series. 

It is seen that there is experimental 
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evidence for a complete series of solid 
solutions between grossularite and 
Ca,Al(OH),, and field evidence for a se- 
rics of solid solutions between grossu- 
larite and plazolite. Other than the struc- 
tural picture of this series, there are no 
data on the limits of stability of the mem- 
bers. It was proposed, therefore, that a 
group of experiments be carried out 
which would at least fix the stability 
range for the dry end member, grossu- 
larite, ff it can exist in the presence of 
water. These experiments are still in 
progress, but the nature of the attack 
and some of the results will now be de- 
scribed. 

Many different types of pressure ves- 
sels were used in decomposing glass of the 
grossularite composition with water at 
high hydrostatic pressures and high tem- 
peratures. Runs were made in the Morey 
and Ingerson bomb (1937), a modified 
Griggs bomb (1940), the Tuttle appara- 
tus (1948), the cold seal pressure vessel 
(Tuttle, 1949), and in several bombs de- 
signed by the writer. In all types the 
thermocouple was inserted into a hole in 
the wall of the bomb, and the pressure 
was measured by means of a Bourdon- 
type gauge connected to the system. A 
water pump, when available, was used to 
maintain the pressure; however, in some 
cases the degree to which the bomb was 
initially filled with water determined the 
pressure. Quenching was accomplished 
either by plunging the bomb into cold 
water or by directing a stream of air 
against the bomb. The results are given 
in table 4 and presented in figure 13. 

It is seen from the figure that, with in- 
creasing pressure and temperature, the 
dry grossularite is approached. This is 
indicated by the continuous increase in 
index of refraction of the hydrogrossu- 
larites formed. To the right of the solid 
curve no grossularite or hydrogrossu- 
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larite can form; in that region gehlenite, 
wollastonite, and anorthite are stable. 
The sign and magnitude of the slope, 50° 
per 1,000 atm., are in accord with the 
known volume relations of grossularite 
and its decomposition products. It is to 
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The data of Flint and Wells, repre- 
sented by squares on figure 13, do not 
agree with those obtained by the writer. 
Their longer runs should have yielded 
equilibrium products. However, it is 
noted that the three preparations in 
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be emphasized that some modification of 
the isofracts will be necessary when data 
based on longer runs are available. The 
present data serve to show the most 
likely range of conditions in which gros- 
sularite may form, given sufficient time. 
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Fic. 13.—Pressure-temperature diagram of the system grossularite-H,O 


which dehydrated kaolin was used con- 
tain iron. The fact that iron raises the 
index of refraction of the garnets appre- 
ciably may account for the disagreement 
with the present exploratory work and 
for the range of indices Flint and Wells 
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obtained for the same pressure and tem- 
perature. The time factor cannot be 
evaluated with the data at hand. 

The crystals obtained were irregular in 
shape and were from 10 to 50 uw in diame- 
ter. Most of the crystals possessed a nu- 
cleus of much lower index of refraction 
than that of the larger surrounding 
mantle. The index for the products of a 
given run was not uniform, varying as 
much as 0.005 in several cases. Low bire- 
fringence was exhibited in all the grains 
from runs producing crystals of the hy- 
drogarnet series. The grains of glass 
which were not entirely decomposed were 
usually surrounded by a thin mantle of 
crystals. It is believed that complete re- 
action would have occurred in even the 
shortest runs if the initial grain size of the 
glass had been smaller. The products, 
however, would not necessarily represent 
the equilibrium condition in the runs of 
short duration. 

Natural crystals of hibschite, now con- 
sidered a member of the hydrogarnet se- 
ries, showing a mantle of one index sur- 
rounding a nucleus of a higher index were 
drawn by Cornu and photographed by 
Pabst (1942). Both investigators noted 
that the mantles were slightly birefring- 
ent. Fenner (p. 138) describes garnets 
from the Watchung basalt which appar- 
ently possess similar mantles. Hutton 
also describes crystals having a mantle of 
low index surrounding a nucleus of higher 
index. All the crystals which he assigned 
to the hydrogrossular series exhibited 
low birefringence. 

It is a common belief that natural 
crystals with a mantle of lower index 
than the nucleus represent a down-grade 
metamorphic process. The failure to ob- 
tain equilibrium in down-grade processes 
is well known. Experimentally, the re- 
verse situation was realized—a mantle of 
higher index than the nucleus. The rapid 
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rise in pressure and temperature appar- 
ently did not permit the growing crystals 
to reach equilibrium. Thus this relation 
might indicate an up-grade process if 
observed in nature. 

As has been indicated, McMurdie 
found an essentially linear relation be- 
tween the unit-cell size and the composi- 
tion of the members of the series. This 
relation is shown in figure 14. Regular 
deviations (solid line) from Vegard’s law 
(dashed line) are not uncommon, even in 
metal solid solutions. Negative devia- 
tions tend to occur in those systems in 
which intermetallic compounds are 
formed. In those cases in which the anal- 
ysis was not given, an approximation was 
made by assuming a linear relation be- 
tween composition and index of refrac- 
tion. It is presumed that a notable 
amount of iron was present in Pabst’s 
plazolite which would account for the 
larger unit cell. The accuracy of the data 


has been indicated by the size of the 


crosses. 

It is of interest to speculate on the vol- 
ume relations of the reactions involved in 
the production of a hydrogarnet. From 
the above data of Flint, McMurdie, and 
Wells, it is seen that a glass held at 500° 
and 420 atm. yielded crystals containing 
2.4 per cent water. If for purposes of dis- 
cussion this is assumed to represent 
equilibrium conditions, the following re- 
action may be written: 


3 CaO Al,O, 3Si0,+0.6 H,O—- 
3 CaO ALO, « 2.7 SiO, + 0.6 HLO+0.3 SiO, 


At the conditions of the reaction, the 
densities of the phases are estimated to 
be as follows: 


Grossularite 
Hydrogarnet 
Water 
Quartz 


e 
Gm/Ce 
3.53 
3-37 
0.19 
2.65 
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On calculation it is found that the phases 
on the left side of the equation occupy 
183 cc. and those on the right side occupy 
138 cc. This is in accord with the general 
principle that an anhydrous mineral plus 
water occupies a larger volume than its 
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controlled only by temperature. In gen- 
eral, those hydrous silicates which have 
been investigated have proved to be rela- 
tively insensitive to pressure above sev- 
eral hundred atmospheres. It has been 
suggested that with increasing pressure a 
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hydrous equivalent. However, it is noted 
that with increasing pressure the spe- 
cific volume of water approaches 1. At 
an infinitely large pressure the molecular 
volumes would become equal, provided 
that the reaction was solely a function of 
temperature and time, as suggested by 
Flint and Wells. Korjinsky also believes 
that the stability of hydrous minerals is 
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Relation of unit-ce!l size to composition in the grossularite-tricalcium aluminum hexahy- 


hydrous mineral should become more 
and more hydrated. The proof of this 
suggestion must await further experi- 
mental work. 

From the literature reviewed and the 
experiments performed, it may be stated 
that, to the present time, the dry gros- 
sularite has not been prepared syntheti- 
cally. Failure to obtain the dry grossu- 
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larite may be due to several factors. The 
differential solubility of the components 
of the glass in the water may have 
changed the composition of the glass. 
For example, if some of the silica dis- 
solved out of the glass, only a hydro- 
grossularite could form. The equipment 
used permits investigation only of those 
fields in which H,O is in “excess.”’ As was 
suggested on theoretical grounds, dry 
grossularite may not be able to form in 
the presence of water. Other factors may 
be that higher pressures are required or 
that longer runs for equilibrium are nec- 
essary. 

It is believed that the dry end member 
of the grossularite-Ca,Al,(OH),, series 
does exist, but it is suspected that the 
majority of naturally occurring garnets 
described as grossularite do contain some 
hydroxyl groups. It may be tentatively 
stated that members of the hydrogros- 
sular series formed in the presence of 


water at a temperature under approxi- 
mately 750° at atmospheric pressure 


(dT /dP = 50°/1,000 atm.). 


CONCLUSIONS 


The results of the various experimen- 
tal attacks can be stated as follows: 

1. Natural grossularite decomposes in 
the solid state at a slow rate into gehlen- 
ite, wollastonite, and anorthite at a tem- 
perature at least as low as 1,080° C. 

2. A glass of the grossularite composi- 
tion fails to crystallize within 500 hours 
below goo® at 1 atm. pressure. Above 
that temperature it crystallizes into 
gehlenite, wollastonite, and anorthite. 

3. A glass of the grossularite composi- 
tion fails to crystallize within an hour at 
800° under approximately 4,000 atm. 
pressure. Above that temperature at the 
same pressure, it crystallizes into gehlen- 
ite, wollastonite, and anorthite. 

4. Reactions in the solid state involv- 
ing synthetic and natural crystalline ma- 
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terials mixed in the stoichiometric pro- 
portions of grossularite yield intermedi- 
ate products (8-dicalcium silicate and 
calcium aluminate) below 800°. At that 
temperature and above, gehlenite, wol- 
lastonite, and anorthite are produced. 

5. Members of the hydrogrossular 
solid-solution series are formed from 
glass of the grossularite composition in 
the presence of water below approxi- 
mately 850° and below 2,000 atm. Above 
850°, gehlenite, wollastonite, and anorth- 
ite are iormed. 

The following conclusions have been 
drawn: 

1. Grossularite probably has a field of 
stability at atmospheric pressure; that is, 
the garnet does not require pressure for 
its formation. Theoretically, however, 
pressure should favor its formation. 

2. Grossularite may form by reaction 
of its components in the solid state. The 
intermediate products obtained are pre- 
sumed to be metastable; the magnitude 
of the energy barrier between those prod- 
ucts and grossularite is not known. 

3. The majority of garnets described 
as grossularite are probably members of 
the hydrogrossular series as defined by 
Hutton. Pressure, in addition to the tem- 
perature and time, determines the stable 
member of the hydrogarnet series. It is 
believed that the dry end member, gros- 
sularite, exists, but that it cannot exist in 
the presence of water at elevated tem- 
peratures. 

These conclusions will be reviewed in 
the light of the field data available in the 
literature. Based on the work of Heritsch 
(1926) and W. I. Wright (1938), the 
“purest” grossularite garnets (containing 
over 80 per cent of the so-called “gros- 
sularite molecule’) are found in four 
types of occurrence: (1) contact zones 
between impure calcareous rocks and 
igneous rocks, (2) regionally metamor- 
phosed impure limestones, (3) hydro- 
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thermal] veins cutting amphibolite, ser- 
pentine, and gabbro, and (4) cavities in 
amygdaloidal basalt. What has essen- 
tially been done in the foregoing experi- 
ments is the reproduction of the condi- 
tions thought to exist in each type of oc- 
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tering were devised primarily to investi- 
gate the first two occurrences. The hy- 
drothermal experiments were designed to 
investigate the last two occurrences. In 
confining the experiments to the simple 
system CaO-Al,O,-SiO,-H,O, the natural 


Fic. 15. 
P =constant. H,O neglected. Mol per cent. 


currence. It is probable that all the 
above-named occurrences were formed in 
the presence of some water; however, if 
water was added in all the experiments, 
its effect could not be evaluated. The ex- 
periments concerned with the thermal 
behavior, with the effects of high pres- 
sure, and the effects of pre-stressed sin- 
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Progressive metamorphism of a limestone containing clay impurities (mainly after Bowen). 


environment of the mineral cannot, of 
course, be duplicated. The effects of the 
presence of other ions, especially triva- 
lent iron, must be taken into considera- 
tion in applying the experimental results 
to the field occurrences. A summary of 
the field relations of grossularite has been 
presented in figure 15. The diagrams 
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were compiled in part from Bowen 
(1946), Grubenmann and Niggli (pp. 378, 
396), Roy, Roy, and Osborn (1949), 
Rankin and Wright (1915), and Harker 
(1939). These show the changes in min- 
eralogy for various compositions of a 
limestone containing clay impurities with 
increasing temperature at some unde- 
fined pressure. The three-phase assem- 
blage which is thought to exist at a given 
temperature is given by the corners of 
the triangle in which the point of com- 
position lies. 

It is possible to assign values to the 
temperatures of the various stages. The 
temperature of the formation of wol- 
lastonite, 7, is considered to be about 
560°. From this it is concluded that gros- 
sularite should be able to form at a tem- 
perature well under the wollastonite re- 
action. It is to be recalled that these dia- 
grams do not indicate the lower limit of 
stability of the minerals but suggest the 
lowest activation temperature which can 
bring about their formation (Bowen, 
1940). The temperature at which grossu- 
larite and quartz are no longer com- 
patible, 7%, is estimated to be about 650°. 
Gehlenite, which has been observed to 
form close to 700°, occurs with grossu- 
larite in the field, Kroger and Illner 
(p. 223) state that calcite and wollas- 
tonite are no longer stable at approxi- 
mately 725°; larnite is formed. This 
would fix the temperature of 7. Calcite 
and anorthite are no longer compatible 
above approximately 750°, as demon- 
strated by the sintering experiments, 
Ts. In the diagram labeled T,, Bowen in- 
dicates that the garnet would persist at 
high pressures. The foregoing experi- 
ments indicate that this modification is 
unnecessary. The temperature 7, is con- 
sidered to be approximately 800°. From 
this standpoint, the experiments per- 
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formed are in accord with the field rela- 
tions. 

It is of interest to turn back to the 
pseudo-binary diagram presented in 
figure 4. The nature of the diagram is 
considered to be correct. The line above 
which grossularite is unstable has been 
shown to be close to 750°. From the field 
data the lowest temperature of forma- 
tion may be set tentatively in the order 
of 300°. Below that line, for the greater 
part, the mineral assemblage calcite, 
quartz, and zoisite would be stable. 

Much work is yet to be done on the 
mineral grossularite. The two methods 
of attack which the writer believes would 
be the most profitable are the sintering 
and hydrothermal techniques. It is obvi- 
ous that other techniques are needed for 
the investigation of low-grade meta- 
morphic minerals. It is to be empha- 
sized that the described experiments 
are of an exploratory nature and the re- 
sults, therefore, are tentative. 
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PLEISTOCENE LITHOLOGY OF ANTARCTIC 
OCEAN-BOTTOM SEDIMENTS’ 


JACK L. HOUGH 
University of Lllinois 


ABSTRACT 


Three ocean-bottom core samples were obtained from within the pack-ice area in the mouth of the Ross 
Sea, Antarctica, during the U.S. Navy Antarctic Expedition of 1946-1947. These cores consist of several 
alternations of glacial marine sediment and of fine-grained sediment which apparently is nonglacial. Age 
determinations of the material, made by Dr. W. D. Urry, provide a time scale on which the lithology may 
be plotted. Because the cores record periods of from one hundred and seventy thousand to over a million 
years, a record of the Pleistocene glacial history of Antartica is provided. A comparison of this with the 
record for the Northern Hemisphere indicates that glaciation was contemporaneous in the two hemispheres 


PREVIOUS INVESTIGATIONS 


From the information obtained by 
several earlier expeditions’ it is known 
that, in general, Antartica is surrounded 
by a zone of glacial marine sediment from 
200 to 700 miles wide. North of this is a 
zone of diatom ooze from 500 to 800 
miles wide. Still farther north either 
globigerina ooze or red clay occurs, de- 
pending largely on the depth of the 
water. Most of the samples collected in 
these waters consist of the uppermost 
few centimeters of the bottom, and very 
little is known of the underlying materi- 
al. Philippi (1912) and Schott (1939) 
have, however, described stratification of 
different types of sediment and inferred 
a climatic control of the deposition. 

Twelve bottom core samples were col- 
lected in the Ross Sea by Edward Roos 
from the “Bear” during the Second Byrd 


' Contribution No. 404, Woods Hole Oceano- 
graphic Institution. Presented orally before the Geo- 
logical Society of America, November 12, 1948, 
under the title ‘Pleistocene Deposits of the Ross Sea 
and Southeastern Pacific Ocean.”” Manuscript re- 
ceived August 22, 1049. 


? This information is reported as follows: Chap 
man (1922), Murray (1891), Murray and Philippi 
(1908), Neaverson (1934), Philippi (1912), Pirie 
(1913), and Stetson and Upson (1937). 


Antarctic Expedition. These were studied 
by Stetson and Upson (1937). Ten of 
these samples were taken near the edge 
of the Ross Shelf Ice (fig. 1), and two 
were taken farther north but within the 
shallow shelf area of the Ross Sea. The 
average length of the cores was only 35 
cm., and the maximum length was 53 cm. 
All the material in these cores was inter- 
preted as glacial marine sediment. 


COLLECTION OF SAMPLES 

The samples on which the present pa- 
per is based were collected with a coring 
tube constructed in the shops of the 
Woods Hole Oceanographic Institution 
under the writer’s direction. It was simi- 
lar to the Ekman and Trask coring tubes 
(Hough, 1939, pp. 648-651) and carried a 
liner of transparent plastic in which the 
sample could be removed intact. The 
coring tube below its weights had a 
length of 10 feet, and the weight of the 
entire apparatus was about 200 pounds. 
It was operated with a Navy boat winch 
modified to carry 25,000 feet of ,°,-inch 
stranded steel wire. The sampling opera- 
tion was performed while the ship was 
adrift in openings in the pack ice. Full 
penetration of the 10-foot tube occurred 
in each trial, and the core samples ob- 
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Fic. 1.—-The Ross Sea sector of Antartica, showing locations of samples N-3, N-4, and N-s. Based 
on U.S. Navy Hydrographic Office Chart No. 2562. 
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tained were 75-85 per cent of this length. 
The samples were taken from depths of 
water ranging from 9,810 to 12,240 feet. 
Figure 1 shows the locations from which 
the samples were taken (N-3, N-4, N-5). 


METHODS OF STUDY 


When each core sample was collected, 
it was removed from the coring appara- 
tus by withdrawing the plastic lining 
tube. The tube, containing the sample in- 
tact, was fitted with a rubber stopper at 
the lower end, and the upper end of the 
tube was severed just above the upper 
end of the sample and was closed with a 
rubber stopper. In the laboratory the 
cores were prepared for study by slitting 
the liners parallel to their vertical axes 
with special equipment, and the samples 
were split into halves in a manner which 
left each half lying in half of the original 
plastic tube. At this stage of preparation 
Dr. Urry removed representative parts 
of the samples for his determinations of 
age. These determinations were made by 
the “per cent of equilibrium method,”’ 
involving uranium, ionium, and radium, 
described by Urry in 1942. Dr. Urry’s re- 
port on this work has been published 
(1949), but, in addition, detailed time- 
depth curves were sent to the writer. 

The lithology of the cores was studied 
mainly by examination under a binocular 
microscope; a needle was used to probe 
for sand to pebble-size particles. The 
cores were examined in both wet and dry 
conditions. Graphic logs were plotted on 
strips of paper laid alongside the cores. 
Where probing and visual examination 
appeared inconclusive, samples were re- 
moved and the material was wet-sieved 
to determine the relative amounts of ma- 
terial that was coarser and finer than 
0.062 mm. in diameter. 

Final graphic logs were prepared by 


} Personal communication, May 31, 1948. 


HOUGH 


plotting the lithology as determined at 
various depths in the cores on the time- 
depth scales provided by Dr. Urry. 


LITHOLOGY OF THE CORE SAMPLES 


The following sediment types were 
recognized: (1) Coarse glacial marine 
sediment; contains abundant coarse par- 
ticles, including many pebbles. (2) Medi- 
um glacial marine sediment; contains 
fairly abundant coarse particles, includ- 
ing a few pebbles. (3) Fine glacial marine 
sediment; contains a small but appreci- 
able amount of material coarser than 
0.062 mm. in diameter, including mate- 
rial of granule size. (4) Fine-grained well- 
sorted sediment; this material was dis- 
tinguished mainly by testing for absence 
of a gritty sensation when it was chewed. 
In doubtful cases the material was wet- 
sieved through an 0.062-mm. sieve. 
(5) Laminated, fine-grained, well-sorted 
sediment ; this is similar to Type 4 except 
that minute lamination is observable. 

In the glacial marine sediment the 
sand-size particles are predominantly un- 
weathered, angular to subangular grains 
of quartz, feldspar, and several other 
minerals, including relatively unstable 
species. The larger particles, granules to 
pebbles, are predominantly angular and 
composed of a number of rock types, in- 
cluding acidic and basic igneous, meta- 
morphic, and sedimentary. Most of the 
pebbles were coated with a thin layer of 
black iron and manganese oxide. 

Tests of Foraminifera are present and 
even abundant in many zones of core N-3 
and in a part of core N-5. They occur in 
both glacial marine and nonglacial ma- 
rine sediment. The study of those fossils 
has been left for other workers, and it is 
hoped that additional information will 
be obtained which will amplify the data 
reported in the present paper. 

The lithology of the core samples in 


relation to age is shown graphically in 
figure 2. The actual lengths of the cores 
are as follows: N-3, 228 cm.; N-4, 260 
cm.; N-5, 242 cm. The total ages of cores 
are in inverse ratio to their lengths, indi- 
cating that the longer cores contain ma- 
terial which was deposited more rapidly 
than that in the shortest core. The long- 
est core, with the most rapid rate of 
deposition, was taken from the greatest 
depth, in a closed depression in the bot- 
tom where fine-grained sediment might 
be expected to accumulate after migra- 
tion down-slope from higher elevations. 
This process could account for the pre- 
dominance of fine-grained material in the 
zones of core N-4, which are of the same 
age as coarser glacial marine zones in the 
other cores. 

The time scale of figure 2 is believed to 
be fairly accurate from 0 to 300,000 years 
ago (Urry, 1942). Beyond 300,000 years 
the dates were obtained by extrapola- 
tion, and the possible error in age in- 
creases with increasing age beyond this 
value. 


DISCUSSION 


The three core samples were collected 
from an area of pack ice which included 
icebergs. They were taken from depths of 
9,810 feet or more. Land is at least 225 
miles from any of the sampling stations, 
except that Scott Island is within about 
50 miles of the place where core N-3 was 
taken (Scott Island measures about } 
i mile and is composed of olivine basalt). 
A glacial marine origin is assumed for all 
the sediment which contains grains of 
sand size or larger, inasmuch as ice-raft- 
ing appears to be the only method of 
transportation capable of bringing this 
coarse material to this environment of 
deposition. The presence of “glacial ma- 
rine sediment”’ at any place on the lithol- 
ogy-time logs of figure 2 is assumed to 
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represent the presence of floating ice in 
the sea over the sample station at that 
time. Fine-grained sediment containing 
no material larger than silt size is as- 
sumed to represent an absence of floating 
ice at the time of its deposition. 

The data of figure 2 may be summa- 
rized as follows: All three cores contain 
glacial marine sediment at their top ends, 
as should be expected because of the 
presence of ice in the area today. Core 
N-5 is discussed in detail first because it 
comes from a location farthest south and 
well within the present zone of floating 
ice. 

The log of core N-5 shows glacial ma- 
rine sediment from the present to 6,000 
years ago. From 6,000 to 15,000 years 
ago the sediment is fine-grained with the 
exception of one granule at about 12,000 
years ago. This suggests an absence of ice 
from the area during that period, except 
perhaps for a stray iceberg 12,000 years 
ago. Glacial marine sediment occurs from 
15,000 to 29,500 years ago; then there is 
a zone of fine-grained sediment from 
30,000 to 40,000 years ago, again suggest- 
ing an absence of ice from the sea. From 
40,000 to 133,000 years ago there is gla- 
cial marine material, divided into two 
zones of coarse- and two zones of medi- 
um-grained texture. 

The period 133,00c~173,000 years ago 
is represented by fine-grained sediment, 
approximately half of which is finely 
laminated. Isolated pebbles occur at 
140,000, 147,000, and 156,000 years. This 
zone is interpreted as recording a time 
during which the sea at this station was 
ice free, except for stray bergs, when the 
three pebbles were deposited. The lami- 
nated sediment may represent seasonal 
outwash from glacial ice on the Antarctic 
continent. 

Glacial marine sediment is present 
from 173,000 to 350,000 years ago, with 
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some variation in texture. Laminated 
fine-grained sediment, from 350,000 to 
420,000 years ago, again may represent 
rhythmic deposition of outwash from 
Antarctica in an ice-free sea. The bottom 
part of the core contains glacial marine 
sediment, dated from 420,000 to 460,000 
years by extrapolation of the time scale 
from the younger part of the core. 

The log of core N-4 is similar to that 
of N-s, with the following major excep- 
tions. The glacial marine layer centered 
at 21,000 years is much shorter in dura- 
tion than its correlative layer in N-5, and 
the nonglacial marine and laminated 
fine-sediment zone of 110,c00 to 130,000 
years is younger than the apparently cor- 
relative zone in core N-5. Glacial marine 
sediment at the bottom of the core is 
172,000 years old. 

The first 100,000 years of core N-3 
correlate fairly well with the corre- 
sponding parts of cores N-4 and N-5. The 
remainder of core N-3 is glacial marine 
sediment in zones of coarser and finer 
texture, as shown by the log. The varia- 
tions in texture of the glacial marine 
sediment from the 34,000-year level to 
the bottom of the core, where the age is 
estimated as 1,130,cco years, may have 
some significance. It is suggested that the 
zones of coarse glacial marine sediment 
represent times of more intense glacial 
conditions and that the zones of finer 
glacial marine sediment represent times 
of less intense glacial conditions in Ant- 
arctica. If this may be assumed, it ap- 
pears reasonable to suggest correlation of 
the coarser zones with the glacial stages 
of the Northern Hemisphere. 

The first column of figure 2 gives the 
names of glacial and interglacial stages of 
the North American continent which are 
suggested as possible correlatives of the 
major lithologic zones of the Ross Sea 
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cores. Correlation between the Northern 
and Southern hemispheres is difficult at 
the present stage of knowledge because 
the actual ages of the stages of the Pleis- 
tocene of the Northern Hemisphere are 
known only approximately. The results 
of this study suggest that glacial stages 
occurred in the Antarctic which are cor- 
relative with the Nebraskan, Kansan, 
Illinoian, Iowan, and Late Wisconsin 
stages of North America. Further, these 
stages in Antarctica are separated by 
nonglacial or less intense glacial stages 
which occur at approximately appropri- 
ate times to be correlated with the North 
American interglacial stages. 

The “climatic optimum” of the North- 
ern Hemisphere (Flint, 1947, chap. 21) 
has a counterpart in Antarctic history. 
Prior to 6,000 years ago, floating ice ap- 
parently was absent from the area of the 
Ross Sea represented by the core 
samples, for a period of several thousand 
years; then the ice reappeared, except 
near the northern part of the area. Fur- 
ther extension of the pack ice occurred, 
extending it 4,000 years ago to near its 
present northern limits. 
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AN INTERPRETATION OF FLORIDIAN KARST" 


RICHARD H. JORDAN 
Florida State University 


ABSTRACT 


Peninsular Florida, a region underlain by thick, highly permeable limestone rock honeycombed with 
cavities, has a highly developed artesian system extending to depths of thousands of feet. The water of this 
system generally flows through open passages and in certain regions moves up-dip without regard to struc- 
ture or without confinement between markedly impermeable beds. This system wholly or in part explains 
the formation of the numerous artesian springs and at least some of the sinks. 

During the Pleistocene, lowered sea level may have made possible widespread sink formation by vadose 
and nonartesian ground water, as well as by artesian flow. Caverns of Florida were undoubtedly formed by 
flow beneath the water table in completely water-filled passages similar to those passages furnishing water to 


the present deep springs. 


Peninsular Florida, comprising an area 
about the size of Pennsylvania, is under- 
lain predominantly by limestone rock 
ranging in known depth from 2,500 to 
more than 15,000 feet. The whole of this 
extensive region fails to conform to the 
usual descriptions of the karst geomor- 
phic cycle and to the prevalent ideas con- 
cerning karst hydrology. The departures 
from the usual are worthy of note be- 
cause they should establish a distinctive 
type variation for the usual karst geo- 
morphology and because they may cast 
some definite light on sink and cave for- 
mation and on karst hydrology in other 
regions. 

The usual geomorphic interpretation 
of karst regions is based upon great 
thicknesses of limestone raised well 
above sea level, as typified by the karst 
of Jugoslavia and the Causses of France. 
The water table lies far below the sur- 
face, at least in the more elevated areas. 
These conditions permit formation of 
typically dry dolines unless their drain- 
age becomes plugged; subaerial increase 
in size of the dolines until they coalesce 
to form uvalas, also dry, but perhaps 
with small streams disappearing in their 
lowest parts; and, finally, the disappear- 


* Manuscript received January 24, 1950. 
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ance of dividing ridges, isolation of 
hums, and reduction of the area to a 
peneplain. 

It is often intimated that the under- 
ground circulation in these regions is 
ground water moving continuously 
downgrade more or less slowly under the 
influence of gravity as it does in other 
geomorphic subdivisions, except with 
somewhat more ease because of the 
greater prevalence of open fissures. 

In these same discussions cavern for- 
mation is assumed to take place either by 
water running on the cavern floor, a 
large part of the growing cavern thus be- 
ing above the water table: the one-cycle 
theory as defined by Davis (1930, p. 487) 
and championed by Swinnerton (1932, 
pp. 663-693); or by phreatic means, that 
is, by ground water continuously circu- 
lating downgrade through completely 
filled tubes below the water table: the 
two-cycle theory (Davis, 1930, pp. 474- 
628; Bretz, 1942, 447-463; 1949, pp. 695- 
811). In either case underground circula- 
tion is limited by sea level unless artesian 
conditions are postulated.* Furthermore, 
sinks are commonly believed to be 

* Davis recognizes submarine springs but does 


not make a point of cavern formation by artesian 
flow 
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formed by vadose water which opens 
channels as it percolates down to the 
water table or by caving of the top of 
passages. 

This karst geomorphic cycle is typical 
of certain regions of the world, and the 
underground circulation, together with 
these conditions for cavern and sink for- 
mation, undoubtedly prevails in many 
areas. However, this karst cycie does not 
apply in Florida today, nor does this con- 
cept of underground circulation and 
cavern formation account for all ob- 
served conditions. The supporting evi- 
dence for the conditions in Florida is 
clear, and the inferences are logical. Re- 
gions typified by Florida are probably 
more numerous in the world than hereto- 
fore suspected, especially in the humid 
tropics. The situation in Florida is as 
follows: 

Peninsular Florida is a land of low alti- 
tude but, north of Lake Okeechobee and 
inland from the coasts, of considerable 
relief. The highest point, 325 feet, is 
along the ridge extending down the cen- 
tral part of the peninsula. North and 
northwest of the peninsula, beyond a 
saddle in which the St. Johns flows, the 
land rises to about 400 feet near the bor- 
ders of Alabama and Georgia. On the 
east, west, and south sides of the ridge 
the land slopes to the sea. 

The water table is almost universally 
close to the surface, both because of the 
low-lying topography and because of the 
high annual rainfall of approximately 
60 inches. 

The underlying rock is predominately 
white limestone, a large part of which is 
extremely permeable to water. To illus- 
trate the high porosity and permeability, 
the author chiseled a cup-shaped cavity, 
holding approximately } pint near one 
end of a block of Tampa limestone meas- 
uring roughly 10 X 6 X 5 inches. Into 
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this small cavity he poured 14 quarts of 
water in a period of 1 hour and 45 min- 
utes. All sides of the block were then 
moist, and water had commenced to drip 
from the bottom. The water traveled 
herizontally 3 inches from the cup in the 
first 15 minutes and in 1 hour and 30 
minutes had traveled 7 inches. Through 
capillarity it reached all parts of the 
block, including the parts higher than the 
rim of the cup. More or less horizontally 
bedded rock of this type reaches to 
depths of 8,000 feet, and limestones in- 
terbedded primarily with dolomite and 
anhydrite from that level down to 15,000 
feet. Although relatively impermeable 
beds exist, well borings indicate that 
these beds do not commonly have great 
areal extent, apparently being facies of 
permeable strata. Thus water seems to 
have access to great depths, although it 
may have to descend in a zigzag course. 
These conditions give rise to an under- 
ground water system of unusual interest. 

It has been known for many years that 
a great part of Florida is underlain by an 
artesian water system. Artesian springs 
are found in all parts of the state except 
the central, east-central, and southern 
parts. Artesian wells flowing at the sur- 
face abound along the coast and inland 
for 40 miles from Miami to Jacksonville, 
as well as around and south of Lake 
Okeechobee. From this southern region 
they are found up the Gulf Coast to 
Tampa and along a very narrow coastal 
strip from Tampa north to Levy County, 
29° north latitude. Artesian wells which 
do not flow at the surface are found in 
almost all parts of the peninsula, except 
certain parts of the intake areas. Until 
the situation was carefully studied, it was 
commonly supposed that the charging 
area for this system was in the highlands 

5’ These wells discharge up to 7,500 gallons a 
minute. 
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of southern Georgia and Alabama and 
that the water came down-dip in a struc- 
ture similar to the classic Dakota arte- 
sian system. A study of the piezometric 
surface* by means of records of the 
height to which water rises in tightly 
cased wells and a study of the stratigra- 
phy have shown the situation to be quite 
different. 

There are four major charging areas 
within the state: one along the high 
ground of the lake section of central 
Florida, a small one adjacent to this and 
north of Tampa, one west of Jackson- 
ville extending into Georgia, and one east 
of Tallahassee also extending into Geor- 
gia, where it adjoins the third (fig. 1) 
(Stringfield, 1936, p. 195). Rain water 
percolates down to the permeable rock or 
enters it through sink openings in the 
charging areas, which, as would be sus- 
pected, are generally on high ground, al- 
though a low region may act in this 
capacity if the piezometric surface is 
lower than the topographic surface. 

In addition to the coastal regions there 
are two main areas of discharge—one 
crossing the state from northeast to 
southwest along the St. Johns River and 
thence to the Gulf and the other along 
the valley of the Suwannee, east and 
southeast of Tallahassee. Discharge also 
occurs in many places other than these 
major areas. 

A comparison of these areas with 
structure is of especial significance. Con- 
tours based upon the surface of the Ocala 
limestone indicate an uplift, with the 
high centering near Ocala, where the 
limestone outcrops. The axis of this up- 
lift runs northwest-southeast parallel to 
the Gulf Coast (fig. 2). The surface 
slopes gently in all directions from this 
high. Although structure at depth is 


4 The imaginary surface to which water will rise 
in tightly cased wells 


proving more complex than this would 
indicate, it gives a general picture of the 
conditions. 

By comparing the piezometric surface 
map (fig. 1) with the structural map 
(fig. 2), Stringfield (1936) has pointed out 
that the areas of charge and discharge do 
not necessarily correspond with struc- 
tural highs and lows. Thus a northerly 
up-dip flow is found from the piezometric 
high near the central part of the penin- 
sula to latitude 29° north, some 100 miles 
to the north. This same situation exists, 
except that the flow is southerly and less 
pronounced, from the region east of Tal- 
lahassee up-dip to the Suwannee River, 
100 miles southeast. This, in the light of 
general thought concerning artesian flow, 
is quite exceptional, as it clearly indicates 
that the artesian water flows in certain 
instances up-dip, and seemingly with 
little regard for structure. Furthermore, 
the flow is not always confined between 
or beneath exceptionally impermeable 
beds of any great areal extent but, in- 
stead, transects various relatively thick 
limestone strata. This situation may be 
accounted for in two ways. First, the ex- 
treme permeability of parts of the lime- 
stone is probably sufficient to maintain a 
flow without a particularly impermeable 
capping layer; and, second, copious up- 
dip circulation in underground channels 
is undoubtedly very common. This whole 
situation is far from the usual textbook 
picture. 

Most of the sections of Florida, except 
those south of Lake Okeechobee, whether 
discharge or recharge areas, are dotted 
with sinks. Many are steep-sided, but 
more commonly they are shallow, gently 
sloping depressions. If the sinks have any 
appreciable depth, they contain water. If 
they are connected with the artesian sys- 
tem and if the piezometric surface is 
above the level of the top of the sink, 
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Fic. 1.-—Piezometric map of Florida, after Stringfield, Warren, and Cooper 
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Fic. 2.—Structura! map of Florida based on the top of the Ocala limestone as penetrated in wells, after David B. Ericson, assistant geologist, Florida Geological Survey, 1942 
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they become artesian springs. This is the 
situation at Silver Springs and in most of 
the other springs of Florida’ These 
springs are characterized by discharge 
pools up to, perhaps, 100 yards in diam- 
eter, in which, usually, the water rises 
more or less straight upward from a cav- 
ern mouth as much as 175 feet below the 
surface of the pool. The bottoms of many 
of these discharge pools are far below sea 
level as at Wakulla Springs, south of 
Tallahassee, where the surface of the 
pool is about 20 feet above sea level but 
the orifice of discharge is 103 feet below 
the pool's surface. Under normal condi- 
tions the water is crystal clear, and, with 
good sunlight and a glass viewing box, 
the detail of the bottom of the pools may 
be clearly seen. The sides of many pools 
are almost vertical and appear as under- 
water cliffs. 

A number of the springs discharge 
from the sea bottom offshore. A typical 
“boil” of this type is found 3 miles off- 
shore from Crescent Beach, near St. 
Augustine. 

The water surface in some ponded 
sinks represents the piezometric surface. 
In these instances the hydrostatic head is 
not sufficient to make the water rise to 
the top of the sink and thus form a 
spring. It is often difficult to determine 
whether the water surface of a sink is 
that of a normal water table or repre- 
sents the piezometric surface. 

Though there may be a question con- 
cerning the manner of flow of under- 

’ Florida has 17 springs of the first magnitude, 
i.e., average discharge of too second-feet or more; 49 
of the second magnitude, 10-100 second-feet; and 
literally hundreds of smaller ones. Silver Springs at 
Ocala has a total mean discharge of 880 second-feet. 
For purposes of comparison, one second-foot dis- 
charge is sufficient to supply an average city of 6,000 
inhabitants and equals 448 gallons per minute, ac- 
cording to Ferguson (1947, pp. 20, 37 

* For more details on the springs see Meinzer 
(1927) and Ferguson ef al. (1947). 
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ground water in other limestone regions, 
the general situation seems clear in 
Florida. Since a large part of the rock is 
both porous and permeable, seepage 
through unchanneled rock is widespread. 
But, of even greater interest and impor- 
tance, the piezometric surface indicates 
a system with a definite water movement 
under an artesian head. The tremendous 
flow of the many large springs rising from 
depths indicates definite flow in large 
solution channels completely filled with 
water and extending far underground. Of 
the many exploratory oil-well borings, a 
rather high percentage, according to 
the logs, encounter subsurface cavities 
through which the tools are lowered. 
These cavities are most numerous at 
shallow depths, many ranging from 1 to 
20 feet or more in height being reported 
down to 3,000 feet. For example, the log 
of the Cory no. 1 well of Peninsular Oil 
Company, Monroe County, records a 
cavity 18 feet in height between 2,846 
and 2,864 feet; one 4 feet in height be- 
tween 2,959 and 2,963 feet; and one 11 
feet between 2,986 and 2,997 feet. Some- 
what surprisingly, large caverns are en- 
countered in limestone more than a mile 
below the surface. The log of well W-820 
of the Humble Oil Company, Collier 
County, records a cavity in limestone 40 
feet in height at a depth of 6,100 feet.’ 
Loss of mud into these cavities is an out- 
standing nuisance to drillers in Florida. 
They clearly are not restricted to shallow 
depths. 

It has also been demonstrated that 
artesian water, on rising to the surface, 
is lost into channels and pervious beds 
above the original aquifer (Stringfield, 
1936, pp. 160-161). 

That there is active circulation under 
artesian pressure in many of the deep 

Large cavities are found in salt at depths of 
11,000 feet in Florida. 
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underground passages is quite probable. 
The deepest artesian water well in Flori- 
da is about 2,000 feet and is self-flowing, 
but test wells for oil have encountered 
water with an artesian head at depths of 
at least 3,773 feet.* As a general state- 
ment, the pressure flow increases with 
depth (Stringfield, 1936, pp. 134-135). 
Of course, an artesian head in itself does 
not necessarily indicate movement of 
underground water before the well was 
drilled or while a well is capped, but it 
seems very probable that this movement 
does exist. And, if there is not movement 
now, it is certain that, if the water is fol- 
lowing a solution passage, there was 
movement at some previous time. Fur- 
thermore, present active flow is well sub- 
stantiated by the large number of artesian 
springs in the state. Thus the presence 
of cavities at depth, the deep artesian 
wells, and numerous artesian springs 
strongly indicate circulation in under- 
ground channels far below the surface. 

The question immediately arises 
whether water in the artesian aquifers at 
these great depths is capable of dissolv- 
ing limestone. Although it is known that, 
in general, the farther the discharge point 
from a charging area, the more dissolved 
mineral matter in the artesian water, 
analyses of 26 artesian wells—all at con- 
siderable distance from a charging area 
showed in all cases free carbon dioxide, 
ranging from 3 to 25 parts per million. 
Twenty-one contained free H,S ranging 
up to 2.59 parts per million, and tg ana- 
lyzed 1.0 part per million or more (Fer- 
guson ef al., 1947, p. 20). Thus the water 
contains acid and would seem capable of 
acting on limestone. 

That active solution is actually going 
on in the aquifers is supported by the 
* Reported by J. Banks from Coastai Petroleum 


no. 1, Williams, Monroe County, The water was 
sulphurous 


AN INTERPRETATION OF FLORIDIAN KARST 


265 


tremendous discharge of dissolved salts, 
chiefly CaCO,, brought to the surface by 
the springs. It is estimated that Silver 
Springs alone discharges one ton of 
CaCO, every 3 minutes (Ferguson ef a/., 
1947, Pp. 127). 

In the light of this hydrology, the 
method of formation of caverns, sinks, 
and springs in Florida is of immediate 
interest. There are literally thousands of 
sinks in the state. Some regions, such as 
the coastal plain from Tallahassee to the 
Gulf of Mexico, would be essentially flat 
if they were not dotted with subsidence 
depressions which give a iow rolling as- 
pect to the topography. Much of the re- 
lief of the Tallahassee hills’ is accounted 
for by subsidence. Many of the lakes of 
the lake region of central Florida appar- 
ently occupy subsidence depressions. 
Most of these depressions throughout the 
state are shallow, gently sloping basins. 
Rock exposures are not seen in them. 
They are either old doline sinks which 
have been filled or the surface expression 
of subsidence under an unconsolidated 
cover. 

This type of sink is, however, not uni- 
versal, by any means. Many of the sinks 
are steep-sided ponors, especially those 
recently formed. Dismal Sink, about 10 
miles southeast of Tallahassee, is an un- 
usually well-developed example. This 
sink has a depth from rim to water sur- 
face of approximately 100 feet, about 
one-third of which is sheer drop; the re- 
mainder is steep but not sheer. The diam- 
eter at the water surface is about 60 feet, 
and the depth of the water about 75 feet. 
Of the many others of this type, most of 
which are unnamed, the Devil’s Mill 
Hopper, north of Gainesville, is a well- 
known example. New ones form each 
* A geomorphic subdivision of rolling topography 


resembling late mature dissection in the humid cycle 
of an oldiand. 


‘ 


| 
: 

i 

4 

| 
} 
an 
| 
{ 

4 
4 
i 


266 


year, such as that which formed in 1948 
on the Luna Plantation about 9 miles 
north of Tallahassee: 

In the steep-sided type, water is al- 
most universally present. This is because 
they are deep enough to intersect the 
water table or because they connect with 
subterranean water-filled passages or 
both. The water level may be above, at, 
or below the surface of the surrounding 
water table, depending on whether or 
not the sink is connected with an artesian 
aquifer and, if connected, depending, 
among other factors, on whether the lo- 
cation is in a charge or discharge area 
and on the height of the piezometric sur- 
face at the point in question. 

Sinks can, of course, be formed by 
vadose water percolating down to the 
water table or by the caving of channels 
formed by nonartesian downgrade flow of 
ground water. It seems evident that most 
of the sinks in Florida have not been 
formed in either of these two ways, at 
least under the present cycle of erosion. 
The water table is too close to the surface 
and the relief is probably too low for ef- 
fective lateral downgrade flow of ground 
water. Obviously, the deep sinks whose 
bottoms are well below sea level cannot 
be so explained. If these modes of forma- 
tion are at all effective anywhere in Flor- 
ida today, it is in the charging areas 
where surface water makes its way un- 
derground to enter the artesian aquifers. 
These areas are limited, however, and the 
sinks are widespread. Thus other expla- 
nations must be sought. There are two 
outstanding possibilities. 

First, it is possible to postulate that 
most of the sink formation occurred dur- 
ing times of widespread Pleistocene gla- 
ciation, when the sea level was lowered 
300 feet, perhaps, below its present level. 
This would lower the water table suffi- 
ciently to permit the processes described 
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in the previous paragraph to act. It is 
perhaps significant that none of the Flor- 
ida springs or deep sinks has a known 
bottom’? lower than 175 feet below sea 
level, a depth attainable if the sea level 
were lowered 300 feet. The majority of 
shallow, sloping sink depressions may 
record pre-Wisconsin glaciations, the 
sinks later becoming submerged and 
filled with sand during the high water of 
an interglacial period. Those formed dur- 
ing the Wisconsin advance would be rela- 
tively fresh and unfilled today. Further- 
more, the articulated mastodon remains 
found in some of the springs indicate a 
time of formation presumably not later 
than the end of the Wisconsin glaciation. 
Or the sloping depressions may record 
subsidence under an unconsolidated cov- 
er caused by collapse of underground 
channels formed by downgrade flow dur- 
ing the low water of a glacial stage. 

Convincing as these arguments are, 
they are not necessarily conclusive. First, 
this thesis limits widespread sink forma- 
tion to specific times. Many ponor sinks 
form today in Florida."’ And, second, as 
pointed out previously, Florida is honey- 
combed with underground passages 
reaching far below the 300-foot fall of sea 
level attributed to glaciation. Some of 
these passages may represent caverns 
formed immediately below old erosion 
surfaces and during the same ancient ero- 
sion cycles. Deep artesian flow of the past 
and present undoubtedly accounts for 
others. Regardless of the time or mode of 
formation of the channels, the copious, 
deep artesian springs and wells present 

'® By “bottom” is meant the bottom of the sink 
or spring proper, as determined by soundings. In the 
case of springs, and perhaps the sinks, there will be a 
smaller passageway extending on down or off 
laterally from this bottom. 

"* According to R. O. Vernon, Florida Geological 
Survey, at least 10 sinks are known to have been 
formed in Florida in 1948 
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conclusive evidence that there is artesian 
flow at depths in open channels and that 
this flow is actively dissolving the lime- 
stone. In tubes completely filled with 
water, as well as in unchanneled perme- 
able rock, solution can take place in all 
directions in response to varying solubili- 
ties, and, as pointed out by Vernon, it is 
quite reasonable to assume upward solu- 
tion (Ferguson ef al., 1947, p. 20). There 
is no reason to doubt that water under 
artesian head works its way upward 
either along cracks and joints or in highly 
permeable rock to form new springs, 
which gradually enlarge themselves. 
Where an artesian channel is near the 
surface, upward solution may reach suf- 
ficiently close to the surface to permit 
caving to form a sink. 

This latter mode of formation is not 
limited to special geologic times, as it is 
not unwarranted to assume an artesian 
system operating with a lowered sea 
level. It does seem to limit sink formation 


largely to discharge areas. But it must be— 


kept in mind that the piezometric surface 
may be very near the surface of the 
ground in charging areas, and sink for- 
mation by artesian flow is not precluded 
even here. There can be no doubt that 
this method is effective and the cause of 
many of the sinks and springs. 

Thus it seems probable that there are 
at least two general modes of sink forma- 
tion, which may operate separately or in 
combination, one operating under non- 
artesian conditions with a lowered sea 
level and the other under artesian condi- 
tions at any time. If in combination, they 
may occur at different times or simul- 
taneously. The artesian springs may 
have been formed by both processes 
working in conjunction or by artesian 
solution alone. It is the feeling of the 
author that the first-mentioned process 
is the predominant method of sink for- 


mation and that a combination of the 
two processes is the most effective means 
of formation of the springs. It also seems 
probable that glacial times may have 
been periods of outstanding sink and 
spring formation, because vadose per- 
colation, in addition to artesian solution, 
was able to'operate effectively over wide 
areas during these periods. 

In the higher parts of Florida, particu- 
larly the northern and northwestern 
areas, air-filled caverns are common. The 
Marianna Caverns State Park is devel- 
oped for the public and thus is widely 
known. Many others are recognized but 
undeveloped. From the foregoing discus- 
sion it is apparent that Florida is honey- 
combed with underground passages filled 
with water. In the event of an elevation 
of the land surface or a lowering of the 
sea level, many of these water-filled cav- 
erns in Florida would become accessible. 
If the water table were lowered suffi- 
ciently, some would have a vertical ex- 
tent of thousands of feet, granted that 
the land surface was not worn away at a 
rate commensurate with the lowering of 
the table. The great Carlsbad Caverns 
have a known vertical extent of 1,025 
feet. 

It seems highly probable that the 
present accessible caverns were formed 
just as the many water-filled passages are 
being formed and enlarged today, but at 
a time when the sea was at a higher level, 
probably during a Pleistocene intergla- 
cial stage. 

This may immediately suggest, espe- 
cially to those who favor the one-cycle 
theory, the formation of the present 
water-filled passages by vadose streams 
during periods of glaciation when the sea 
level was low. However, the 300 feet of 
lowering usually postulated for glacial 
times would never account in this man- 
ner for the deep passages in Florida. On 


W 


| 
| 
‘ 
if 
: 
4 
t 
- 
if 
‘A 


268 


the other hand, if the evidence were not 
so weighty for formation by artesian 
flow, the whole underground system 
might be tied up with a lowering of the 
sea level some thousands of feet, as pos- 
tulated by some to account for the sub- 
marine canyons.” 

Thus, to summarize, it appears that 
Florida has a highly developed artesian 
system, extending, perhaps, to depths of 
thousands of feet in highly permeable 
rock. This system is somewhat unusual, 
in that no extensive, exceptionally per- 
meable capping layer seems to be present 
and the water in certain regions moves 
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up-dip and transects various strata. The 
artesian springs and some of the sinks 
may have been formed either in part or 
wholly by this system, although spring 
and sink formation must have been ex- 
ceptionally active, by those processes 
normally ascribed to sink formation, 
during times of Pleistocene glaciation. 
The caverns in Florida were undoubt- 
edly formed by underground flow in 
completely filled passages similar to the 
passages furnishing water to the present 
day’s springs, but at a time of higher sea 
level during a Pleistocene interglacial 
stage. 
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STUDIES FOR STUDENTS 


DETERMINATION OF DIP AND STRIKE BY INDIRECT OBSERVA. 


TIONS IN THE FIELD AND FROM AERIAL PHOTOGRAPHS 
A SOLUTION BY STEREOGRAPHIC PROJECTION’ 


ROBERT E. WALLACE 
State College of Washington, Pullman, Washington 


ABSTRACT 


A method of determining the true dip and strike of a bed from observation of its outcrop lines as seen 
from a distance or in aerial photographs is presented 


The angular relations between apparent plunge and 


trend of outcrop lines and true dip and strike of the bed are determined by the use of the stereographic 


projection 


Three situations which present individual problems are discussed and solutions offered. Determinations 


of angular relations in aerial photographs are described, and the effect of errors such as introduced by tilt in 


the aerial photographs are considered. 


INTRODUCTION 


It is commonly desirable to determine 
the dip and strike of a bed where its out- 
crop can be observed from a distance or 
in aerial photographs but where it is im- 
possible or difficult to make a measure- 
ment at the outcrop itself. 

The solution described here makes use 
of the stereographic projection as one of 
the simplest means of studying and com- 
paring angular relations in a three-«i- 
mensional net of planes and lines. 


APPARENT PLUNGE’ OF OUTCROP LINES* 


Every field geologist is aware that out- 
crops of dipping beds exposed on hill 
slopes can produce optical illusions which 
make the bed appear to dip at an entirely 


* Manuscript received August 30, 1949 


*“Apparent plunge” is an angle measured in a 
plane perpendicular to a line of sight, between a 
horizontal line in that plane and the projection of the 
linear element in question on that plane. “Line of 
sight” is the line from the observer's eye or camera 
lens to the point on the outcrop being observed 


'“Outcrop lines” are any linear expressions of 
bedding or other planar structures on a land surface 
For example, a resistant sandstone may form a line 
of outcrops across a series of hills and valleys. 
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different angle, even an opposite direc- 
tion, from that of the true dip. Too com- 
monly, perspective is misjudged, and the 
dip and strike are incorrectly interpreted. 

Figure 1 illustrates some variations 
that are possible in the apparent dip of a 
bed which crops out on a hill slope. Fig- 
ure 1, a, shows a view essentially along 
the strike, so that the true dip can be 
read correctly by direct measurement. 
Figure 1, 6, shows the same outcrop 
viewed from a second angle. If only the 
outcrop line on the hill slope were visible, 
it might be thought to represent a bed 
dipping to the left. Instead, the bed ac- 
tually dips to the right and toward the 
observer. Figure 1, c, shows a third view 
in which the bed would seem to have a 
very shallow dip compared to the true 
dip. This type of optical illusion is even 
more difficult to interpret in aerial photo- 
graphs, as perspective is difficult to de- 
termine exactly without measurements. 

The variation of the apparent plunge 
of outcrops as viewed from different di- 
rections is the measurable difference 
upon which is based the present method 
of determining dip and strike by indirect 
observations. 
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PRINCIPLE OF SOLUTION 
The principle of the solution follows: 


1. a) Two nonparallel lines in the bed- 

ding plane determine the plane. 

b) Outcrop lines provide the neces- 
sary two lines. 

2. a) The orientation of each of the out- 

crop lines is determined by finding 

two planes which contain the line. 


Fic. 1.—Three views of same outcrop on same 
block as viewed from three directions, showing rela 
tion of apparent plunge of outcrop line to angle of 
observation. 


3. a) Two planes the intersection of 
which will determine the true ori- 
entation of an outcrop line are 
planes each of which contains one 
line of sight and a line representing 
the apparent orientation of the 
outcrop line as viewed along the 
line of sight. This line of apparent 
orientation is plotted in a plane at 


STUDIES FOR STUDENTS 


right angles to the line of sight, as 
it is in this plane that the apparent 
plunge is measured. 

In some cases one line of sight can 
be used in combination with an- 
other planar element such as the 
hill slope. The method of solution 
is the same, whatever two planar 
elements are known for each of the 
two outcrop lines. 


Methods of using the stereographic 
projection for plotting and determining 
the angular relationships of these various 
planes are described in a later para- 
graph, entitled “Use of the Stereographic 
Projection.” 


EXAMPLES 


In the three examples described, two 
lines of sight are used, and two outcrop 
lines are determined in order to establish 
the orientation of the bedding plane. The 
same procedure of setting up the prob- 
lem can be used if a hill slope is used in 
place of one of the planes along the lines 
of sight. 

PROBLEM 1 

The outcrop lines are observed in a 
valley (fig. 2, a and b). 

Known: The lines of sight are hori- 
zontal. Along the line of sight looking 
N. 30° E. (fig. 2, a) the apparent plunge 
of the left outcrop is 35°, of the right out- 
crop 20°. Along the line of sight looking 
N. 40° W. (fig. 2, 6) the apparent plunge 
of the left outcrop is 54°, of the right out- 
crop 15°. 

In figure 2, ¢ and d, are shown the 
planes which lie along the line of sight 
and contain the outcrop lines; these are 
plotted in the stereographic projection as 
the great circles where the planes cut the 
surface of the upper hemisphere. The 
outside circle represents horizontal 
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plane, the ares inside represent the planes 
passing through the outcrop lines and 
lying along the line of sight. These inner 
arcs are inclined to the horizontal at an 
angle equal to the apparent plunge of the 
outcrop line. These angles are plotted in 
a plane (represented by a straight line 
because it is a vertical plane) at right 
angles to the line of sight. 

Figure 2, ¢, shows figure 2, 
combined. 

Point A represents the intersection on 
the sphere surface of the two planes pass- 
ing through the left outcrop and B the 
intersection of the two planes passing 
through the right outcrop. Point C is the 
center of the sphere through which all the 
planes pass. Line AC therefore represents 
the true position of the left outcrop, and 
BC represents the true position of the 
right outcrop. The plunge of these lines is 
represented by the angle from the cir- 
cumference (horizontal) to points A and 


B 


c and d 


Figure 2, f, shows a separate plot of the 
outcrops. To determine orientation of the 
bedding plane, it is merely necessary to 
find the great circle which 
through A and B. This great circle repre- 
sents the plane of bedding. The strike 
line is the line through the ends of the 
arc, the dip is measured at right angles to 
the strike from the edge of the horizontal 


will pass 


circle inward. 
PROBLEM 2 


The line of sight in this problem is not 
horizontal. The solution applies to situa- 
tions where the observer is either above 
or below the outcrop lines. Such is the 
case in observation from a high point or 
in interpretation of oblique aerial photo- 
graphs. 

Known: One line of sight (fig. 3, 
N. 40° E. and plunges 25°. Along this line 
the left outcrop forms an angle of 30 


a) is 
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with a horizontal line, and the right out- 
crop an angle of 50°. The second line of 
sight (fig. 3, b) is N. 2° W. and plunges 
25°. Along this line the left outcrop forms 
an angle of 40° with a horizontal line, and 
the right outcrop an angle of 15°. 

Figure 3, c-f, shows the method of so- 
lution of this type of problem. The prin- 
ciple of solution is the same as for prob- 
lem 1, but the determination of the 
planes passing through the line of sight 
and the outcrop line presents certain 
problems explained below. 

The line of sight is plotted as a straight 
line across the projection at an orienta- 
tion equal to the trend. As the plunge of 
the line of sight is to the northeast, the 
25° angle is plotted from the southwest- 
ern end of the line in toward the projec- 
tion center. The apparent angle of plunge 
of each of the outcrop lines is measured 
in a plane at right angles to the line of 
sight and measured with respect to a line 
parallel! to the horizon. The planes at 
right angles to the lines of sight are 
plotted as shown in figure 3, c and d. The 
apparent plunges of the outcrops are 
plotted along this arc from the circum- 
ference of the projection inward. Great 
circles are passed through each of these 
points and the point where the line of 
sight intersects the surface of the sphere. 
These great circles represent planes con- 
taining both the line of sight and the two 
outcrop lines. The procedure from this 
point on is identical to that in problem 1. 

In using oblique aerial photographs, it 
is necessary to know the direction in 
which the photograph was taken, as well 
as the position of the true horizon and 
the focal length of the camera lens. Vari- 
ous methods of obtaining such data are 
explained in several manuals on photo- 
grammetry. Given the above informa- 
tion, the plunge angle and the direction 
of the line of sight can be determined as 
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Fic. 2.—Method of solving preblem when lines of sight are inclined. Here the case as in aerial photo 


graphs is used as an example. 
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described in the section entitled “Deter- 
mination of Angles in Aerial Photo- 
graphs.”’ 

PROBLEM 3 

In problem 2 it will be realized that, as 
the line of sight becomes more nearly 
vertical, the plane at right angles to it (in 
which the apparent plunges of outcrops 
are measured) becomes more nearly hori- 
zontal. The horizon or horizontal plane, 
therefore, becomes less and less useful as 
a reference plane. 

The problem, then, is to find another 
reference plane to which the apparent 
plunges of outcrops may be compared. 
A plane passing through the line of sight 
and a known compass direction on the 
ground affords the necessary reference 
plane. An example is described below and 
illustrated in figure 4. 

Known: True north in photograph. 
Plumb point coincides with’ principal 
point. One line of sight plunges 70°, 
N. 32° E. (fig 4, a). Along this line of 
sight the northern outcrop forms an angle 
of 35° with the north-south line, and the 
south outcrop an angle of 50°. The second 
line of sight plunges 58°, N. 55° W. (fig. 
4, b). Along this line of sight the northern 
outcrop forms an angle of 26° with the 
north-south line, and the south outcrop 
an angle of 25°. 

The true north or other azimuth line in 
the photograph can be found in a variety 
of ways which need not be described here. 
The angle from plumb point to the out- 
crop point is determined by the method 
described in the paragraph entitled “De- 
termination of Angles in Aerial Photo- 
graphs.” 

The angles of outcrop lines are read 
with respect to a known azimuth (e.g., a 
north-south line) in the photograph. Ac- 
tually, this means that the angles are 
measured with respect to a plane passing 
through the line of sight and the known 
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azimuth line, which plane is plotted on 
the stereographic projection by passing a 
great circle ‘through the point on the 
stereographic net representing the upper 
end of the line of sight and the north and 
south points on the circumference of the 
projection. The angles of apparent plunge 
of outcrop lines are measured to the left 
and right of this plane in the plane at 
right angles to the line of sight. After 
plotting the planes passing through the 
outcrop lines and the line of sight, the 
procedure is exactly the same as in prob- 
lems 1 and 2 


DETERMINATION OF ANGLES 
IN AERIAL PHOTOGRAPHS 

Figure 5 shows the relation of linear 
measurement in a photograph to angular 
measurement. A photograph is essen- 
tially a gnomonic projection (Ford, 
1932, p. 59), in which the radius of the 
fundamental sphere is equal to the 
focal length, F, of the lens. The type 
of scale shown in figure 5 can be used 
for any measurements of angle from 
the principal point to any other point in 
the photograph (as, for example, in prob- 
lem 3 to determine the angle between the 
plumb point which coincides with prin- 
cipal point and outcrop point). This 
angle scale can be used, provided that 
the photograph is a contact print, but it 
must be enlarged proportionately to any 
enlargement of the original photograph. 

Figure 6 shows a method of determin- 
ing the angle between any two points in a 
photograph (as, for example, in problem 
2 to determine the angle between hori- 
zontal and the outcrop point, or in prob- 
lem 3 to determine plunge of line of sight 
if the plumb point does not coincide with 
the principal point). The method is es- 
sentially that for determining angles be- 
tween points in a gnomonic projection 
(Ford, 1932, p. 59). 
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Fic. 4. Method of solving problem when lines of sight approach vertical, as in vertical aerial photo- 
graphs. 
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A and B are points between which the 
angle is desired. The plane in which the 
angle is measured passes through A and 
Band a point directly below the principal 
point by a distance equal to F, and there- 
fore the plane forms an angle of 20° with 
the optic axis of the camera. This angle is 
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rectly. This distance is found to equal 
EC by first plotting the focal length of 
the lens and then plotting a distance 
equal to 20° at right angles to the line 
representing focal length (i.e., to D). 
Line ED therefore equals the desired 
length and can be swung to C (on the 
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measured by a scale such as is shown 
along the top of figure 5 from the prin- 
cipal point to E along a normal to AB. 

If the perpendicular distance from the 
line AB to the center of the camera lens 
is found, the triangle can be drawn be- 
tween AB and the lens center and the 


angle between A and B measured di- 


Relation of angular scale ia aerial piotogr. phs to foci! length of ccmer. lens 


normal to AB through the principal 
point) so that the angle ACB can be 
measured. In this case it is 254°. 

If many determinations of angles are 
to be made, a chart of angular dimen- 
sions in a photograph can be prepared, 
similar to the net shown in figure 7, 
which is made according to the principle 
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shown in figure 6. It can be made on 
transparent material, so that it can be 
used as an overlay on the photograph. 

To determine the angle between any 
two points in a photograph, the proce- 
dure is as follows: With point P.?. over 
the principal point of the photograph, 
the chart is revolved over the photo- 


USE OF THE STEREOGRAPHIC 
PROJECTION 
The use of the stereographic projection 
has been described by Bucher (1944), 
Fisher (1941), Dana (1932), and others. 
Only a summary of the use as applied to 
the present problem is given here. 
The meridian stereonet (fig. 8, A) and 


B 


Fic. 6.—Determination of angle between any two points in an aerial photograph 


graph until the two points lie on the 
same straight line on the chart (vertical 
lines). The angle between the points then 
is determined by counting the curved 
lines between the two points. 

A different chart will be necessary for 
each focal length of lens used. The chart 
shown in figure 7 was prepared for a lens 
with a focal length of 8.25 inches. 


translucent protractor paper (fig. 8, B) 
are extremely useful in executing the so- 
lution described in this paper. The Fisher 
projection protractor (Fisher, 1941) and 
the stereographic calculator (Wallace, 
1948) are also useful. 

The stereonet represents a projection 
of a hemisphere on the plane of a merid- 
ian on which are drawn longitude lines 
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(great-circle meridians) and latitude lines 
(small-circle parallels). The nature of the 
construction of the stereographic projec- 
tion produces a circular projection of any 
circle on the surface of the sphere, so that 
the great circles and small circles are all 
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Fic. 7. -Net for measuring angular relations be- 
tween any two points in an aerial photograph. Pre- 
pared for a camera with focal length of 8.25 inches 
4. 


ane! 
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arcs of circles. Measurement of angular 
relations are thereby facilitated. 

In the present problems great circles 
are used to represent planes. Each great 
circle represents a plane passing through 
the center of the sphere and intersecting 
the surface of the upper hemisphere. The 
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strike of such a plane represented by a 
great circle is the orientation of the di- 
ameter connecting the ends of the arc. 
The dip is represented by the angle meas- 
ured at right angles to the strike from the 
edge of the projection inward to the 
great circle. 


B 


Fic. 8.—-A, meridian stereonet; B, protractor 
paper (translucent) 


In the present problems it is necessary 
to find a great circle (or plane) which 
passes through two points in the net. 
This is readily done by plotting the 
points on translucent protractor paper 
and then rotating the paper over a 


25° 
| 
io’ 
10k 
4 
Is 
Hit | 20° 
+ 
} 


stereonet until both points lie on the 
same great circle. 

It also is necessary in the present solu- 
tions to determine angular measurements 
along great circles. This is accomplished 
merely by counting along the great circle 
the number of small circles crossed. It is 
exactly the same as determining the dif- 
ference in latitude along any longitude 
line on a globe. 

The plunging lines of sight are plotted 
on straight lines through the projection 
center with a strike equal to the trend of 
the plunge. The end of the plunging line 
intersects the sphere surface; hence it is 
plotted as a point in the net along the 
trend line. The point is located a number 
of degrees from the projection edge equal 
to the angle of plunge. 


ERRORS 
Two types of errors which raust be 
considered in these problems are worthy 
of special mention. 


ANGLE OF INTERSECTION OF LINES AND PLANES 


In all surveying or measurements in 
which intersections of lines are used, the 
more nearly the lines intersect at right 
angles, the less error there is likely to be 
in determining the point of intersection. 
This principle applies to the present 
problems; but, inasmuch as a three- 
dimensional network is being considered, 
it is somewhat more difficult to keep in 
mind the relationship between intersect- 
ing planes and lines and to evaluate the ef- 
fect of introducing errorat one point upon 
the percentage error in the final answer. 

A good example of such a relationship 
is shown in problem 3 (fig. 4, ¢). It will be 
noted that the two planes passing 
through the northern outcrop meet one 
another at a low angle. A slight discrep- 
ancy in reading or plotting the position 
of either plane would result in a consid- 
erable shift in the intersection of the two. 
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A considerable error in calculation of 
both dip and strike is thus produced and 
will represent possibly a greater angular 
error than that which produced it. 


TILT 


Tilt in the oblique photographs pro- 
duces no complication as measurements 
are made with respect to the horizon; but 
in vertical photographs tilt will shift the 
plumb point (true vertical sight) from 
the principal point to some other point in 
the photograph. If level bubbles are 
shown at the edges of the photograph, 
the plumb point can be located readily. 
Some method of recording tilt is neces- 
sary for the accurate plotting of dip and 
strike, but many flights do not show this 
error for each photograph. Fortunately, 
many present-day flights are so flown 
and photographed that the plumb point 
is commonly not far from the principal 
point, thus allowing for fairly accurate 
determination of dip and strike, assum- 
ing that the plumb point is at the prin- 
cipal point. 

The following tabulation can be used 


Error 


Error in Strike 
in Dip 


True Strike True Dip 


Tilt of 10° Parallel to Line of Flight 
Which Is Due North 


North go" 
North as E. 10° i 
Horiz Becomes right 10° 
angles to flight 
N. 45° W.  go® 7 
N. 45° W. | 45° NE 
Tilt of 10° Transverse to Line of Flight 
Which Is Due North 
North go ° 10° 
North E ° 10 
Horiz. Becomes parallel 10" 
to flight 
N. 45° W. | 7° 
N. 45° W. | 45° NE 68° 7°,8 
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to indicate the importance of tilt in pro- 
ducing an error in the calculated dip and 
strike. Calculations were made on a 
stereonet with 2° divisions, so that some 
determinations are only approximate. 

From these examples it will be appar- 
ent that tilt in certain directions with re- 
spect to dip and strike has little or no 
effect on dip and strike. Angle of dip will 
never be in error more than tilt angle. 
Strike error in steeply dipping beds will 
generally be less than the angle of tilt, 
but, in beds having a low dip, extreme 
errors can be introduced. 

This same principle applies in reading 
dip and strike from the ground. Com- 
monly, when taking a reading from one 
ridge to an outcrop on another ridge, the 
line of sight will be within 3° of horizon- 
tal. Thus the error introduced, by assum- 
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ing that the line of sight is horizontal 
when actually plunging 3° and using 
method shown in figure 2, will be as fol- 
lows: Beds striking across the line of sight 
will have little or no error in strike and 
not more than 3° error in dip; beds strik- 
ing subparallel to the line of sight and 
dipping steeply will in most cases have 
errors of dip and strike less than 3°; beds 
striking subparallel to the line of sight 
and nearly horizontal can have great er- 
rors in strike but not more than 3° error 
in dip. 

If the method in problem 2 is used, of 
course, errors theoretically can be elimi- 
nated completely. 
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GEOLOGICAL NOTES 


ON THE ACTION OF WAVES BREAKING AGAINST THE 
EDGE OF A SUBMERGED SHELF" 


0. F. EVANS 
University of Oklahoma 


Johnson (1919, pp. 348-374), in his dis- 
cussion of the origin of barrier beaches, 
states that waves, in breaking against the 
edge of a subaqueous cliff of unconsolidated 
sediment, throw material shoreward onto 
the shelf and build a ridge along its outer 
edge. 

During my study of the origin of lows and 
balls (1940, p. 508) I discovered that waves, 
when breaking in shallow water, move the 
disturbed sediment away from shore instead 
of toward it. Later, in a wave-tank experi- 
ment (1940, pp. 494-495), I again observed 
that the offshore ridge with its accompany- 
ing trough is built by an offshore movement 
set up by the plunging breakers and that the 
ridge consists of material taken from the 
trough on its shoreward side. Also, in dis- 
cussing the action of waves with deep-sea 
divers, I found them all agreeing that the 
movement at the bottom of a breaking wave 
is away from shore. Perhaps this should be 
sufficient proof of the action, but, in geology, 
no argument is so convincing as field verifi- 
cation. 

In this case, such an opportunity is pres- 
ent in Crystal Lake, near Frankfort, Michi- 
gan. This lake was once a part of Lake 
Michigan, having been cut off from the main 
body of water in Algonquin time. It is about 
8 miles long and 2 miles wide, and its shores 
and bottom are covered with an abundance 
of glacial sand and gravel. 

The inflow of the lake is only a little more 
than enough to replace the amount lost by 
evaporation, and the shores furnish good 


* Manuscript received November 10, 1949. 


evidence that, in its natural state, it re- 
mained at a constant level for many hun- 
dreds of years. During that time it adjusted 
itself to its basin by cutting into the sur- 
rounding moraines and building the material! 
into an underwater terrace that was, before 
the lowering of the lake level, 100-200 yards 
wide and 12~—13 feet beneath the water at its 
outer edge. 

In 1873, in an attempt to open Crystal 
Lake to navigation, the outlet was deep- 
ened. At that time, its level stood 28 feet 
above that of hake Michigan. Because it has 
only a small inflow, its water was drawn 
down rapidly, and, in a few days after the 
completion of the cut, the entire width of the 
shelf was exposed, and the mills and other 
buildings that had been erected close to the 
shore line were left standing far back from 
the water’s edge. This was so unsatisfactory 
that, a few years later, a dam was built 
across the outlet that raised the water of the 
lake to within 8 feet of its original level, and 
there it has remained. 

The new level leaves the outer edge of the 
shelf, that was originally adjusted to 13 feet 
beneath the surface, with only 5 feet of 
water over it. This is the exact situation in 
which Johnson has argued that the waves 
should move sediment shoreward and build 
a ridge on its outer edge. More than sixty 
years have passed since the building of the 
dam, and, if such a ridge is in the process of 
building, there should now be some evidence 
of it. In the summer of 1949, I made sound- 
ings across the shelf at numerous places 
along the shores of the lake. But everywhere 
I found the shelf sloping gently outward to 
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within a short distance of the edge, to where outer edge is a little steeper than normal for 
the depth increases more rapidly until it the conditions, I was unable to determine. 
breaks over to a slope that is the angle of re- But the evidence is clear that no ridge- 


pose of the sediments. building is taking place at the outer edge of 


Whether this increase in slope near the _ the shelf. 


REFERENCES CITED 

Joanson, D. W. (1919) Shore process and shoreline 
development, New York, John Wiley & Sons, 
Inc. 


Evans, O. F. (1940) The low and ball of the east- 
ern shore of Lake Michigan: Jour. Geology, vol. 
45, pp. 470-511. 


4 

j 

i 

‘ 
J 


REVIEWS 


Genetics, Paleontology, and Evolution. Edited by 
GLenn L. Jepsen, Ernst Mayr, and 
GrorGe GAYLORD Stupson. Princeton, N.J.: 
Princeton University Press, 1949. Pp. xiv+ 
474; tables 12; figs. 44; pls. 1. $6.00 
A Foreword by Glenn Jepsen and twenty- 

three separate papers by students of genetics, 

paleontology, and related fields make up this 
volume. The papers were presented at a sym- 
posium in connection with one of a series of bi- 
centennial conferences at Princeton University 
in 1947. Their publication represents the formal 
completion of the work of the Committee on 

Common Problems of Genetics, Paleontology, 

and Systematics established in 1943 under the 

National Research Council. Publication of the 

volume marks a notable advance toward the ob- 

jectives of the committee: “trying to bring 
about a meeting of minds in the territory be- 
tween the fields of genetics and paleontology, of 
furthering cooperation between students in the 
two and in other disciplines, and, by pooling 
knowledge and methods and resources, of out- 
lining promising lines for further research.” 
The book itself was not intended to represent 

a synthesis of the major fields which it covers, 

but many of the included articles are syntheses 

of recent work in more restricted areas. Papers 
are grouped under eight headings, as follows: 

“I. Geological Time’”’; “II. Viewpoints in Evo- 

lution”; “III. Evolutionary Trends”; “IV. 

Evolutionary Rates”; “V. Speciation”; “VI. 

Adaptation” ; “VII. Human Evolution”; “VIII. 

Summation.” Well over half the papers include 

summaries of recent studies in the special fields 

which they cover, so that a nonspecialist may 

find concise and authoritative references for a 

short survey oi various fields. The majority of 

these papers open the way to additional re- 
search, and a numb. suggest particular areas in 
which study is needed. Other papers, such as 

“The Evolution of the Dipnoi,” by T. Stanley 

Westoll, and “Rates of Evolution in the Taenio- 

donts,” by Bryan Patterson, present much new 

material as a framework for the study of evolu- 
tion in particular groups of organisms. The ex- 
cellent summation by H. J. Muller makes no at- 
tempt to devise a comprehensive synthesis but 
does bring into focus many aspects of the prob- 
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lems of evolution as seen by geneticists and 
paleontologists. 

All readers with an interest in technical as- 
pects of evolution will find their horizons of 
thought broadened by perusal of various sec- 
tions of the volume, for the coverage is highly 
diverse and the viewpoints no less so. It is evi- 
dent that wide gulfs still separate the thinking 
of the geneticist, the anatomist, the paleozoélo- 
gist, the paleobotanist, and other specialists 
who delve into problems of organic evolution. 
It is, however, equally evident that at least part 
of the disdain which members of one field too 
commonly held for those of another in the not 
distant past has been mitigated and perhaps 
eradicated through the efforts of the committee. 
Throughout many of the papers there is evi- 
dence of respect for other fields and a willing- 
ness to accept data and to test conclusions in the 
light of diverse sources of information. Signify 
ing this broadening of interests and the crossing 
of but recently uncrossed barriers is the wide- 
spread recognition accorded ““Tempo and Mode 
in Evolution,” by G. G. Simpson, that is cited in 
no less than ten of the twenty-three papers in 
the volume, although it was published but five 
years ago. 

Genetics, Paleontology, and Evolution must 
find its place among the truly significant con- 
tributions to the study of evolution. The com- 
mittee which has been responsible for the events 
leading to its publication deserves the gratitude 
of all who are interested in the furtherance of the 
study of organic evolution. 

E. C. O. 

Mineralogische Tabellen. By HuGo Strunz. ad 
ed. Leipzig: Akademische Verlagsgesell- 
schait, 1949. Pp. xiv+ 308; figs. 73. Dm. a1. 

The first edition (1941) of this book was re- 
viewed by A. F. Rogers (American Mineralogist, 
vol. 33, pp. 95-96). The new edition consists of 
the same three parts: (1) “Introduction to Crys- 
tal Chemistry” (69 pp.); (2) “Mineral Tables”’ 
(167 pp.); and (3) Index (70 pp.). The portion of 
Part 1 dealing with structure types has not been 
changed; the remainder is revised and enlarged 
by thirteen pages. Part 2 looks much the same, 
but it has been increased by five pages and ex- 
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tensively revised in details. Part 3 is extended 
by six pages; it is a most useful listing of all the 
names (mostly obsolete or synonyms of one 
kind or another) applied to minerals. 

Part 2 lists some two thousand mineral spe- 
cies (of which 1,124 are well defined) arranged 
according to a crystallochemical classification. 
For each species (if known) is given its chemical 
formula and its space group and unit-cell dimen- 
sions and contents. The book is an essential one 
for all active workers in its field. 


D. J. F. 


Klockmann’s Lehrbuch der Mineralogie. By PAUL 
Ramponr. 13th ed, Stuttgart: F. Enke, 1948. 
Pp. xii+674; figs. 606. Dm. 47.80 (unbound) ; 
50.50 (bound). 

This work might be dubbed the Dana text of 
the Germans; the eleventh edition (1936) was 
reviewed in this Journal in volume 45, pages 
345-3460. The twelfth edition (1942) is rare in 
this country. The present edition is in broad out- 
line very much like the eleventh. The scheme of 
classifying minerals has been modified so that it 
is now substantially the same as that of Strunz, 
Mineralogische Tabellen (1949). A new section 


(pp. 281-292) on famous mineral localities con- 
tains a paragraph for each of eighty-one well- 
known deposits, six in the United States. 


D.J.F. 


“Origine glaciale della Valle del Bove. Altro 
ghiacciaio etneo. Cronologia eruzioni 
preistoriche presso Randazzo.”” By CARMELO 
VAGLIASINDI, (Accad. Gioenia Sci. Nat. Boll., 
ser. 3, fasc. 22.) 1947. 


“Osservazioni sul periodo glaciale e nuove mani- 
festazioni dell’azione glaciale quaternaria sul 
Monte Etna.” By CARMELO VAGLIASINDI. 
([bid.) 1947. 


“L’Etna durante il periodo glaciale e la for- 
mazione della Valle del Bove.” By CARMELO 
VAGLIASINDI. (“Istituto Geo-paleontologico, 
Universita, Catania, Mem.,” ser. 2, no. 1.) 
Pp. 1-80, pls. 1-8. 

Several physiographic features shown by 
Mount Etna, Sicily, are interpreted by the 
author as glacial features. These are better dis- 
played on the northern and eastern sides of the 
mountain, where the glacial activity left pol- 
ished rocks, small glacial cirques, U-shaped val- 
leys, and furrows. On the eastern side a glacial 


REVIEWS 


cirque was probably formed on the now demol- 
ished volcanic cone of Trifoglietto, which proba- 
bly exceeded 12,000 feet in elevation, as shown 
by the inclination of lava flows radiating 
from it. 

The character of the glaciation on Mount 
Etna was polytypic. The upper, more or less flat 
areas of the mountain (Pian del Lago, Mount 
Pizzillo terrace) were occupied by an icecap; val- 
ley glaciers were present in the Valle del Bove 
and Valle Glaciale and had their origin in the 
icecap. Smaller hanging glaciers were present in 
almost all the remaining areas on the upper part 
of the mountain, where physiographic condi- 
tions were suitable. 

The Valle del Bove is largely U-shaped and 
overexcavated; the tributary Valle del Leone is 
hanging, although other tributary valleys have 
been accorded to the main valley by successive 
physiographic events. Besides this geomorphic 
evidence of a remarkably well-developed glaci- 
ation on Mount Etna, further evidence consists 
of several kinds of glacial deposits. These in- 
clude moraines of hanging glaciers, widely dis- 
tributed on the upper part of the mountain; val- 
ley moraines, both ground and lateral, well 
shown in the Valle del Bove; and extensive de- 
posits of till and loess in the plain east of the 
mountain (Piana di Mascali). 

The till deposits are particularly important. 
They reach the sea on a wide front, and from 
Riposto to Pozzillo they are exposed in a wave- 
cut cliff rising some 30-120 feet above sea level. 
The till consists of fine detrital material enclos- 
ing cobbles and boulders, some of the latter 
reaching large dimensions. The largest boulder 
observed was estimated to weigh 300 tons. Some 
of the cobbles and boulders show striae; they 
are uniformly distributed throughout the thick- 
ness of the till deposits. A few lenses of volcanic 
ash are present as intercalations. 

The author expresses the opinion that Mount 
Etna originated at the end of the Pliocene; its 
products overlie Miocene sediments on the west 
side, and, because it was glaciated, it is pregla- 
cial. The insect fauna of the mountain seems to 
lead to the same conclusion; these researches, 
however, are still in progress, being carried on 
by Professor Hartig, director of the National 
Institute of Entomology of Rome. 

Pliocene Etna probably exceeded 12,000 feet 
in elevation. It had three craters which were 
probably active in succession. During the glacial 
period the volcano was more or less quiescent, as 
is demonstrated by the scarcity of volcanic de- 
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posits in the till. The volcano was glaciated but 
once; there are no signs of interglacial periods. 
This fact is probably due to the particular geo- 
graphic location of the mountain. 

At the beginning of the Sicilian, Etna sank at 
least 500 feet, because subaerial lavas in the re- 
gion of Ficarazzi are overlain by 480 feet of 
marine Sicilian clays. At the end of the Sicilian 
the post-Pliocene clays of La Vena, at the north- 
east foot of the mountain, were uplifted to 2,400 
feet above sea level, whereas the mountain itself 
probably sank several hundred feet to counter- 
balance the uplifted eastern side. 

A lacustrine phase followed the glacial phase, 
as is shown by the stratified clays of Serra la 
Nave. The lacustrine phase ended by the re-es- 
tablishment of volcanic activity, which possibly 
took place abruptly and may have been the 
cause of the flight of terrified Sicani toward the 
western part of Sicily, as is described by Dio- 
dorus Siculus. 

The author also discusses the causes of glaci- 
ations and interglaciation, without, however, 
bringing new contributions to the problem. 


CESARE EMILIANI 


A Study of Palaesoic Arachnida. By ALEXANDER 
PETRUNKEVITCH. (Connecticul Academy of 
Arts and Sciences Trans., vol. 34, pp. 60- 
315.) 1949. Pls. 83; index. $7.7 
This work, devoted to an extensive group of 

rare and little-known fossils, is the result of 

authoritative studies by Professor Petrunke- 
vitch since his retirement from the zodlogy de- 
partment of Yale University. It is based on the 
examination of specimens belonging to the 

British Museum, the U.S. National Museum, 

the American Museum of Natural History, the 

Peabody Museum of Yale University, and a 

thorough review of the literature. It brings to- 
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gether much information both old and new not 
readily available elsewhere. 

The class Arachnida, from which the Euryp- 
terida, Xiphosura, and Pycnogonida are exclud- 
ed, is divided into four subclasses (two of them 
new) and sixteen orders (one new). Described or 
critically discussed are two new suborders, 
twenty-one families (one new), sixty-one genera 
(fourteen new), and thirty-three species (sixteen 
new). A complete classification is presented, and 
keys are provided for identification. 

The first twenty-five pages are devoted to a 
general morphological discussion of these fossils 
by one who is familiar with the anatomy of their 
living relatives, and this is followed by a con- 
sideration of evolutionary trends. In a conclud- 
ing section the various paths of diverging evolu- 
tion within the Arachnida are traced. 

The earliest fossils show that the arachnids 
had already split up into a number of orders, all 
of which tend toward abdominal reduction by 
the loss of posterior segments. This simplifica- 
tion through the destruction of old characters 
was nonconstructive, but superimposed on it 
was the creative development of new characters 
that serve to differentiate numerous families. 

Most paleontologists will be interested by the 
author’s conclusion that all known arachnids, 
including the Silurian scorpions, have been air- 
breathers. 

This work includes a bibliography of one 
hundred and fifty titles and is illustrated by 
eighty-three plates. Nearly two-thirds of the 
plates present one hundred and sixty-nine 
simple and mostly diagrammatic drawings 
showing morphological relationships. The others 
consist of about one hundred excellent photo- 
graphs reproduced by collotype. 

Petrunkevitch is to be congratulated on the 
preparation of this excellent monograph, which 
is certain to be the standard work in its field for 
many years to come. 

J. M. W. 
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A Glossary of Scientific Names (Chiefly of Fossil 
Invertebrates). By Stuart A. Northrop. Al- 
buquerque, 1949. 

Ground-Water Levels in Ohio, 1947. By Donald 
W. Van Tuyl and Paul Kaser. Ohio Water 
Resources Board Bulletin 16. Columbus 
1948. 

Ground-Water Resources of the Kansas City, 
Kansas, Area. By V. C. Fishel. University of 
Kansas Publications, State Geological Sur- 
vey Bulletin 71. Topeka, 1948. 

Ground-Water Resources of Republic County 
and Northern Cloud County, Kansas. By 
V. C. Fishel. University of Kansas Publica- 
tions, State Geological Survey Bulletin 73. 
Topeka, 1948. 

Ground Water in Southwestern Kansas. By 
John C. Frye and V. C. Fishel. State Geo- 
logical Survey of Kansas. Lawrence, 1949. 

Ground-Water Supplies at Hays, Victoria, 
Walker, Gorham, and Russell, Kansas, with 
Special Reference to Future Needs. By Bruce 
F. Latta. University of Kansas Publications, 
State Geological Survey Bulletin 76, pt. 6. 
Lawrence, 1948. 

Human Geography—an Ecological Study of 
Society. By C. Langdon White and George 
T. Renner. New York: Appleton-Century- 
Crofts, Inc., 1948. 

Industrial Limestones and Dolomites in Vir- 
ginia: Northern and Central Parts of Shenan- 
doah Valley. By Raymond S. Edmundson. 
Virginia Geological Survey Bulletin 6s. 
University, 1945 

Iron Ore in the Llano Region, Central Texas. 
By Virgil E. Barnes, Samuel S. Goldich, and 
Frederick Romberg. University of Texas 
Bureau of Economic Geology, Report of In- 
vestigations 5. Austin, 1949. 

Iron Resources of California. Prepared under 
direction of Olaf P. Jenkins. State of Califor- 
nia Department of Natural Resources, Divi- 
sion of Mines Bulletin 129. San Francisco, 
1948. 

Island Life: A Study of the Land Vertebrates of 
the Islands of Eastern Lake Michigan. By 
Robert T. Hatt, Josselyn Van Tyne, Lau- 
rence C. Stuart, Clifford H. Pope, and Ar- 
nold B. Grobman. Cranbrook Institute of 
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Science Bulletin 27. Bloomfield Hills, Michi- 
gan: Cranbrook Press, 1948. 

Kansas Rocks and Minerals. By Laura Lu Tol- 
sted and Ada Swineford. State Geological 
Survey of Kansas, University of Kansas. 
Lawrence, 1948. 

Lower Pliocene Mollusca from Otahuhu, Auck- 
land. By J. Marwick. New Zealand Depart- 
ment of Scientific and Industrial Research, 
Geological Survey Branch, Palaeontological 
Bulletin 16. Dunedin: John McIndoe, Ltd., 
1948. 

The Manufacture of Ceramic Railroad Ballast 
and Constructional Aggregates from Kansas 
Clays and Silts. By Norman Plummer and 
William B. Hladik. University of Kansas 
Publications, State Geological Survey Bulle- 
tin 76, pt. 4. Lawrence, 1948. 

The Mazon Creek Eurypterid: A Revision of 
the Genus Lepidoderma. By Erik N. Kjelles- 
vig-Waering. Illinois State Museum Scien- 
tific Papers, vol. 3, no. 4. Springfield, 1948. 

Mineral Composition of New Hampshire Sands. 
By J. W. Goldthwaite. New Hampshire State 
Planning and Development Commission, 
Mineral Resource Survey, pt. 9. Concord, 
1948. 

Minerals of California. By Joseph Murdoch and 
Robert W. Webb. State of California Depart- 
ment of Natural Resources, Division of 
Mines Bulletin 136. San Francisco, 1948. 

The Mining Groups of the Yilgarin Goldfield 
North of the Great Eastern Railway. By 
R. S. Matheson, with 3 appendixes by K. R. 
Miles. Western Australia Geological Survey 
Bulletin 101. Perth, 1947. 

The Mining Industry of the Province of Quebec 
in 1946. Province of Quebec Department of 
Mines. Quebec: Redempti Paradis, 1948. 

Mining Review for the Half-Year Ended 30th 
June 1947, no. 86. South Australia Depart- 
ment of Mines. Adelaide: K. M. Stevenson, 
1948. 

Molybdenum in Magnet Cove, Arkansas. By 
Drew F. Holbrook. Arkansas Resources and 
Development Commission, Division of Geol- 
ogy Bulletin 12. Little Rock, 1948. 

Nominingue and Sicotte Map-Areas, Labelle 
and Gatineau Counties. By E. Aubert de 
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La Riie. Province of Quebec Department of 
Mines, Geological Report 23. Quebec: Re- 
dempti Paradis, 1948. 

The Occurrence of Corals in Late Paleozoic 
Rocks of Kansas. By Russell M. Jeffords. 
University of Kansas Publications, State Ge- 
ological Survey Bulletin 76, pt. 3. Lawrence, 
1948. 

Ocean Surface Waves. Edited by B. Haurwitz. 
Annals of the New York Academy of Sci- 
ences, vol. 51, art. 3. New York, 1949. 

An Ocean Wave Measuring Instrument. De- 
partment of the Army, Corps of Engineers, 
Beach Erosion Board Technical Memoran- 
dum 6. Washington, D.C., 1948. 

Oil and Gas Developments in Kansas during 
1947. By W. A. Ver Wiebe, G. E. Abernathy, 
J. M. Jewett, and E. K. Nixon. University of 
Kansas Publications, State Geological Sur- 
vey Bulletin 75. Lawrence, 1948. 

The Otaki Sandstone and Its Geological His- 
tory. By R. L. Oliver. New Zealand Depart- 
ment of Scientific and Industrial Research, 
Geological Memoir 7. Wellington: H. H. 
Tombs,. Ltd., 1948. 

Part of Northwest Quarter of Beauchastel 
Township, Rouyn-Noranda County. By 
W. G. Robinson. Province of Quebec Depart- 
ment of Mines, Geological Report 30. Que- 
bec: Redempti Paradis, 1948. 

Petroleum Exploration in Eastern Arkansas 
with Selected Well Logs. By Charles A. Ren- 
froe. Arkansas Resources and Development 
Commission, Division of Geology Bulletin 
14. Little Rock, 1949. 

On the Petrology of the Aulanko Area in South- 
western Finland. By Ahti Simonen. Bulletin 
de la Commission Géologique de Finlande 
143. Helsinki, 1948. 

Preliminary Description of the Geology of the 
Kerby Quadrangle, Oregon. By Francis G. 
Wells, Preston E. Hotz, and Fred W. Cater, 
Jr. State of Oregon Department of Geology 
and Mineral Industries Bulletin 40. Port- 
land, 1949. 

Les Problémes des tectoniques superposées et 
les méthodes géophysiques. By N. Oulianoff. 
Bulletin des Laboratoires de Géologie, Miné- 
ralogie, Géophysique et du Musée Géolo- 
gique de I’Université de Lausanne, no. 92. 
Lausanne: Imprimerie Baud, 1949. 

A Prospector’s Handbook to Radioactive Min- 

eral Deposits. By C. F. Davidson. Geological 

Survey and Museum, Department of Scien- 

tific and Industrial Research. London, 1949. 


Publications of the California State Division of 
Mines (to September 1, 1948). California De- 
partment of Natural Resources, Division of 
Mines. San Francisco, 1948. 

Radioactivity Surveys in the Kansas Part of 
the Tri-state Zinc and Lead Mining District, 
Cherokee County, Kansas. By Robert M. 
Dreyer. University of Kansas Publications, 
State Geological Survey Bulletin 76, pt. 5. 
Lawrence, 1948. 

Rates of Sediment Production in Midwestern 
United States. By Gunnar M. Brune. United 
States Department of Agriculture, Soil Con- 
servation Service. Milwaukee, 1948. 

Recorréncia de mineralizacgéo em depositos 
calendonianos. By Caio Pandid Guimaraens. 
Estado de Minas Gerais, Instituto de Tec- 
nologia Industrial Boletim 3. Belo-Horizon- 
te: Estabelecimentos Graficos Santa Maria, 
1948. 

Report of the Geological Survey Board for the 
Year 1946. Geological Survey of Great Bri- 
tain, Department of Scientific and Industrial 
Research. London, 1948. 

The Scope of Modern Seismology. By Frank 
Neumann. Transactions of the New York 
Academy of Sciences, ser. 2, vol. 10, no. 6. 
New York, 1948 

Sedimentation of Reservoirs in Ohio. By Earl E. 
Sanderson. State of Ohio Department of 
Public Works, Ohio Water Resources Board 
Bulletin 17. Columbus, 1948. 

Seventh Annual Report of the Ohio Water Re- 
sources Board for the Year 1948. State of 
Ohio Department of Public Works. Colum- 
bus, 1948. 

Simon Lake Area, Papineau County. By Carl 
Faessler. Province of Quebec Department of 
Mines, Geological Report 33. Quebec: Re- 
dempti Paradis, 1948. 

Sixth Biennial Report of the State Department 
of Geology and Mineral Industries of the 
State of Oregon, Bulletin 38. Portland, 1948. 

Stratigraphic Section at Lee Valley, Hawkins 
County, Tennessee. By John Rodgers and 
Deane F. Kent. State of Tennessee Depart- 
ment of Conservation, Division of Geology 
Bulletin 55. Nashville, 1948. 

Suomen Geologisen Seuran Julkaisuja Medde- 
landen Geologiska Sallskapet i Finland. 
Comptes Rendus de la Société géologique de 
Finlande XXI. Bulletin de la Commission 
géologique de Finlande 142. Helsinki, 1948. 

Swartland and Sandveld. By W. J. Talbot. Cape 
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Town: Geoffrey Cumberiege, Oxford Uni- 
versity Press, 1947. 

Titanium in Southern Howard County, Arkan- 
sas. By Drew F. Holbrook. Arkansas Re- 
sources and Development Commission, Divi- 
sion of Geology Bulletin 13. Little Rock, 
1948. 

Transactions of the New York Academy of 
Sciences, ser. 2, vol. 11, nos. 4-6. Baltimore, 
1949. 

Transactions and Proceedings of the Geological 
Society of South Africa, vol. 51. Johannes- 
burg: Hortors Ltd., 1949. 

Upper Cambrian and Lower Ordovician Rocks 
in Kansas. By Raymond P. Keroher and 
Jewell J. Kirby. University of Kansas Publi- 
cations, State Geological Survey Bulletin 72. 
Lawrence, 1948. 
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An Upper Eocene Foraminiferal Fauna from 
Deep Wells in York County, Virginia. By 
Joseph A. Cushman and D. J. Cederstrom. 
Virginia Geological Survey Bulletin 67. Uni- 
versity, 1945. 

Water in Ohio. Summary and Prospects 1940. 
By C. V. Youngquist. Ohio Water Resources 
Board Bulletin 20. Columbus, 1040. 

The Water Resources of Montgomery County, 
Ohio. By Stanley E. Norris, with sections by 
William P. Cross and Richard P. Goldthwait. 
Ohio Water Resources Board Bulletin 12. 
Columbus, 1948. 

The Zirconium Deposits of the Pogos de Caldas 
Plateau, Brazil, and Zirconium Geochemis- 
try. By D. Guimaraes. Estado de Minas 
Gerais, Instituto de Tecnologia Industrial! 
Boletim 6. Belo-Horizonte: Estabelecimen- 
tos Graficos Santa Maria, 1948. 


COMMUNICATIONS AND ANNOUNCEMENTS 


CURRENT NEWS REGARDING THE FULBRIGHT PROGRAM 


Fulbright programs of international educa- 
tional exchange will probably be initiated soon 
with Australia, Egypt, Iran, Turkey, and India. 
Any person wishing to apply for an award as 
advanced research scholar or visiting lecturer in 
any of these countries is encouraged to write the 
Conference Board Committee for an application 
form and necessary information. 

Application forms for an award in the United 
Kingdom and British Colonial Dependencies, 
Belgium and Luxembourg, France, Greece, 
Italy, the Netherlands, Burma, the Philippines, 
New Zealand, and Norway for the academic 
year 1951-1952 will be sent in the late summer 
or early autumn of 1950 to all individuals who 
have expressed interest. It is too late to apply 
for an award for the academic year 1950-1051. 
More than fifteen hundred applications were 
received this year for approximately two hun- 
dred and fifty openings for professors and ad- 
vanced research scholars and announcement of 
awards will be made in April or May. 

University and college administrators and 
heads of departments may be interested to know 


that there may still be time to work out arrange- 
ments under the Fulbright program for foreign 
lecturers to teach in their institutions during the 
academic year 1950-1951. Since Fulbright 
awards to foreign nationals are made in the cur- 
rency of their own country and cover only the 
cost of travel to and from the United States, it 
is necessary for them to secure dollar support 
from other sources for living expenses and travel 
within the United States. An American uni- 
versity or college may invite a particular pro- 
fessor or a research scholar to serve on its staff 
by advising him to file application for a travel 
grant with the United States Educational Com- 
mission, which administers the program in his 
own country. Or a university or college may 
utilize the facilities of the Fulbright program 
through the Conference Board Committee to 
find a qualified person to filla particular opening. 

Inquiries should be addressed to: The Execu- 
tive Secretary, Committee on International Ex- 
change of Persons, Conference Board of Asso- 
ciated Research Council, 2101 Constitution 
Avenue, Washington 25, D.C. 
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New Books of Interest 


ECONOMIC MINERAL DEPOSITS 


Second Edition. By Aran M. Bateman, Yale University. A com- 
prehensive ‘account of mineral deposits, their occurrence and form. 
The book is divided into three parts—the first is devoted to a thor- 
ough but uncomplicated presentation of principles and processes. 
The two remaining sections treat metallic and nonmetallic de- 
posits, with the greatest emphasis on the geologic phase of the 
subject. The interpretation of mineral deposits is stressed. Practical 
conclusions for ore finding, and post war information on uranium, 
are ingluded. Bibliography. 


Ready in May, 1950. 916 pages. Illus. $7.50. 


INTRODUCTION to 
THEORETICAL IGNEOUS PETROLOGY 


By Ernest E. Wantstrom, University of Colorado. A synthesis of 
existing theories about the origin of igneous rocks—-embodying the 
modern physico-chemical viewpoint throughout. The author ex- 
plains the theory of petrology in a manner understandable to the 
average student of geology. Includes a survey of the theory and 
practice of geophysics and physical chemistry and an exclusive 
compilation of original phase rule drawings. 


April 1950. 365 pages. 159 illus. $6.00. 


APPLIED SEDIMENTATION 


A Symposium. Edited by Parker D. Trask. California Depart- 
ment of Public Works. 35 Contributors. March 1950. 707 pages. Illus. 
$5.00. 


Send for copies on approval 


JOHN WILEY & SONS, Inc. 
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Another FIRST by the makers of the established 
world standard in accuracy and dependability . . . 
the new Surveying MICRO Altimeter for all field 
and mine ventilation surveys . . . Constructed for 
lifetime service of finest materials to highest 
standards . . . exclusive friction-free, zero-gauging 
principle. Equipped with rugged leather carrying 


case, magnifier, thermometer and operational 


available . . . see your dealer or write direct. 
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NOW AVAILABLE— 
A general index to 


THE JOURNAL OF GEOLOGY 


Volumes XXXVI through LV—1928 through 1947 
Price $3.00; prepaid in U.S.; in Canada add 8¢ for postage; foreign postage 20¢. 


SPECIAL OFFER— 
A general index to the JOURNAL OF GEOLOGY, Volumes 
I through XXX V—1893 through 1927 (regular price $5.00) 
PLUS the 1928 through 1947 index described above, BOTH 


for $5.00. 
Prepaid in U.S.; in Canada add 20¢ for postage; foreign postage 50¢. 


THE UNIVERSITY OF CHICAGO PRESS 
$750 Ellis Avenue + Chicago 37, Illinois 


TO ORDER CLIP AND MAIL THE CONVENIENT COUPON BELOW 


The University of Chicago Press 
5750 Ellis Avenue 
Chicago 37, Illinois 


[-] Please send me copies of the JOURNAL OF GEOLOGY INDEX, 1928-1947 
@ $3.00 per copy. 

[-} Please send me sets of the JOURNAL OF GEOLOGY INDEXES, 1893-1927 
and 1928-1947 @ $5.00 per set. 
Postage 
Total amount 


|_} Check or money order enclosed. 


Please bill me. 
Name 


Address 


THE 


SHRUNKEN MOON 


VOL. IV OF 


GEOLOGY APPLIED 
TO SELENOLOGY 


By J. E. SPURR 


207 pages 36 text figures 
Price $4.00 


BUSINESS PRESS 


LANCASTER PENNSYLVANIA 


LARGE STOCK OF 
PUBLICATIONS ON GEOLOGY 
AND PALEONTOLOGY 


Recently issued Catalogue No. 111, com- 
prising 1162 items on Geology, Mineralogy, 
Geologic Folios, Paleontology. 


Wanted: BOOKS and PERIODICALS on 
GEOLOGY and PALEONTOLOGY, es- 
pecially Journal of Geology, Bulletin of the 
Geological Society of America, volumes 1 to 


27; Journal of Paleontology. 


HENRY GEORGE FIEDLER 


31 East 10th Street, 6th Floor - New York 3, N.Y. 


Out of My Later Years 


by 
ALBERT EINSTEIN 


T= IS THE FIRST new collection of pa- 
pers, since 1935, by the eminent physicist. 
_ iderable ber of these essays have 
never been published before in any language. 


FROM THE CONTENTS 


The of Relativity 
Space and Gravitation 
and Reality 
The Fundaments of Theoretical Physics 
The Common Language of Science 
The Laws of Science and the 
Laws of Ethics 
An enentey Derivation of the 
Equivalence of Mass and Energy 
Science and Civilization 
A Message to Intellectuals 
A Reply to Soviet Scientists 
Atomic War or Peace 
Military Intrusion in Science 
Isaac Newton Johannes Kepler 
Marie Curie Max Planck 
Pau! Langevin Walther Nernst 
Paul Ehrenfest $4.75 


PHILOSOPHICAL LIBRARY 
Publishers 
15 E. 40th St., Dept. 446 New York 16, N.Y. 


(Expedite shipment by enclosing remittance) 


Special Pre-Publication Offer 


Encyclopedia of 


ATOMIC ENERGY 


FRANK GAYNOR 


COMPREHENSIVE collection of brief 

explanations and definitions of concepts 

and terms in the field of Nuclear Physics and 

Atomic Energy. Contains over two thousand 

entries, numerous charts, tables and illustra- 
tions. The H-Bomb. 

“The book is well planned, well executed, 
and it reveals a profound knowledge of the 
subject covered. It is a must for every physicist 
as well as every intelligent layman interested 
in atomic science." Dr. Sydney N. Baruch, 
Consulting Engineer, Special eapons Divi- 
sion, U.S. Air Force; Inventor of the anti- 
submarine depth bomb. $7.50 


# you send in your order before MAY 31, 1950, 
you con get your copy for 


ONLY $6.00 


PHILOSOPHICAL LIBRARY, Publishers 

1s E. goth St., Dept. 446, York 16, N.Y 
Enclosed is $ copy (ies) of the 
ENCYCLOPEDIA OF atomic "ENERGY. at the special 
Pre-Publication price of $6.00 per copy. The book(s) 
to be mailed to me immediately upon publication 


NAME 


ADDRESS 
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Where Are the Answers? 


How does the new electrical logging method for detailed 
recording of subsurface formations function? How is the 
MicroLog applied to the location of permeable zones within 
compact formations? 

Find the answers to these questions, along with field ex- 
ample illustrations, in the coming issues of the JOURNAL OF 
PETROLEUM TECHNOLOGY. These questions are ex- 
amples of those answered in the JOURNAL’s technical papers 
section each month. 

Other sections deal with activities in the petroleum and 
geological field throughout the world. Technical papers are 
bound under one cover annually and become important refer- 
ence books. Fill in the subscription blank below and 


STUDY THESE PAPERS IN— 
the Journal of 


PETROLEUM TECHNOLOGY 


official monthly publication of 


THE PETROLEUM BRANCH 


American Institute of Mining and Metallurgical Engineers 


SUBSCRIPTION ORDER 


JOURNAL OF PETROLEUM TECHNOLOG) 

Petroleum Branch, AIME 

601 Continental Bidg., Dallas 1, 

Dear Sirs 

Enclosed please find check or money order in the amount of 88 00 for 
which I will receive one year's subscription (12 issues) to the JOUR- 


NAL OF PETROLEUM TECHNOLOGY. 
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Textbook News 


A LABORATORY MANUAL 
FOR GEOLOGY Rev. Ed. 


Part I—Physical Geology 


By KIRTLEY F. MATHER, CHALMER J. ROY, 
and LINCOLN R. THIESMEYER 


physical portion of elementary courses in general geology, represents a 
thorough revision of the original! edition. Features include an improved treat- 
ment of minerals and rocks; revision of the introductory material in each unit 
on map studies; and the addition of many new maps and aerial photographs. 


{eo manual for use in elementary courses in physical geology, or for the 


The manual is now divided into units instead of exercises, allowing for more 
flexible use of its materials. As before, it contains data, assignments, exercises, 
and many illustrative diagrams and maps, as well as halftones. There are also 
chapter references, a general bibliography, and a list of laboratory equipment 


and supplies. To be published in July 


PRINCIPLES OF 
PETROLEUM GEOLOGY 


By CECIL G. LALICKER 


n1s book, which is concisely and clearly written, from the geological point 

of view, stresses the geological interpretation of the problems of petroleum 
geology, the mode of origin of oil and gas structures, and petroleum discovery 
methods. Consideration is given to the influence of geological factors on 
various types of recovery methods and to the valuation of oil and gas proper- 
ties. The oil and gas fields described have been selected from various petrolif- 
erous provinces in the world and are grouped according to the type or origin 
of structure. The book is richly illustrated. $5.00 


APPLETON-CENTURY-CROFTS, INC. 
35 West 32nd Street New York 1, New York 
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At WARD'S . . . it's Quality 


For 88 years teachers, collectors, industrial 
scientists and research investigators have 
found Ward's the most reliable source for es- 
sential earth science materials. 


Specimens and collections of fossils, minerals, 
rocks, shells. 
Equipment for field or laboratory. 
Color Slides and Books, 


Wanted: identified minerals and fossils . . . 
in quantity . . . collections. 
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WARD'S NATURAL SCIENCE 
ESTABLISHMENT, Incorrorsteo 
3000 E. Ridge Road - Rochester 9, N.Y: 


SYMPOSIUM ON 
PENNSYLVANIAN 
PROBLEMS 


by 
HAROLD L. WANLESS 


AND OTHERS 


(Journal of Geology, vol. 55, no. 3, pt. 2) 


$2.00 per copy 
Canadian Postage $0.04 


THE THEORY OF 
GROUND-WATER MOTION 


By DR. M. KING HUBBERT 
Past Editor of Geophysics 


ASSOCIATE DIRECTOR, EXPLORATION AND PRODUCTION RESEARCH 
SHELL OIL COMPANY 


160 pages 48 figures $2.00 
Postage: free in U.S.; Canada, $0.04; foreign, $0.10 


A fundamental treatise on a subject of great interest to hydrologists, petro- 
leum exploitation engineers, geologists, and all others concerned with the 


motion of fluids through porous media. 
Reprinted from Journal of Geology, vol. 48, no. 8, pt. 1 


THE UNIVERSITY OF CHICAGO PRESS 
$750 ELLIS AVENUE CHICAGO 37, ILLINOIS 
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INTRODUCTION TO HISTORICAL GEOLOGY 


By Rayrsmonp C. Moore. University of Kansas. 542 pages, $5.00 


In this text a universally recognized authority presents an exceptionally readable, well-organized 
account of the important features of earth history, including evolution of plants and animals 
by fossils. Avoiding technical terminology, the author makes clearly understandable how ob- 
served geologic features furnish a record of past conditions and events, Emphasis throughout 
is on deductive reasoning; explanations of cause-to-effect relationships are substituted for dog- 
matic statements. Illustrations are numerous and well selected. 


GEOLOGY. Principles and Processes. New 3rd edition 


By W. H. Emmons; Georce A. Tuer, University of Minnesota; Curvton R. Sraurrer, 
California Institute of Technology; and Ira S. ALLison, Oregon State College. 502 pages, 
$4.50 
A revision of a successful text for college students. Some minor changes in arrangement have 
been made and new material added. In simple but technical style, the authors present the funda- 
mental concepts of physical geology and give the student a s¢ientific view of the processes that 
operate on and in the earth. New emphasis is placed on the interpretation of landscape and 
geologic structure as seen from the air, with many of these aerial views described. 


NATURAL GAS AND NATURAL GASOLINE 


By R. L. Huntineron, University of Oklahoma. Chemical Engineering Series. 598 pages, 
$8.00 
In this text the author gives the student a general idea of the natural gas and natural gasoline 
branches of the petroleum industry, provides text material for students of petroleum, natural 
gas, chemical and mechanical engineering, and presents the process and equipment designer 
with practical knowledge which he has gained through years of actual field and plant experi- 
ence. The book covers all phases of the subject from production to transportation and storage. 


ELEMENTS OF OIL RESERVOIR ENGINEERING 
By Syivatn J. Prrson, Stanolind Oil and Gas Company, Tulsa, Oklahoma. In press. 


Develops and coordinates the principles which govern the behavior of geologic petroleum 
reservoirs when placed under protection during their primary phase, and also during the applica- 
tion of external sources of energy as practiced in secondary recovery operations. The book de- 
velops three fundamental production processes or drives: water, segregation, and depletion 
drives, which may operate singly or in combination. 


Send for copies on approval 


[= McGRAW-HILL BOOK COMPANY, INC. 


330 WEST 42no STREET, NEW YORK 18, N. Y. 
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TEATS .. 


A Sound Foundation of Principles 


GEOLOGY AND MAN 


By Kenneth K. Landes and Russell C. Hussey, University of Michigan 


PHYSICAL GEOLOGY AND MAN 


By Kenneth K. Landes 


Geology and Man has been prepared for students taking a single, comprehen- 
sive course in the department. This edition contains four chapters on Historical 


Geology. 


Physical Geology and Man does not include a discussion of Historical Geology, 
and has been especially designed for students enrolled in the first term of a full 
year course in Physical and Historical Geology. 

These texts have been slanted toward the cultural rather than the preprofes- 
sional student, and especially toward the student who is taking but one or two 
courses in geology. The emphasis in both texts is upon the effect that geological 
processes have had upon man. 


Important features contained in both volumes: 


e Consistent emphasis throughout on the impact of geological processes on 
the activities of man. 

e@ Longer than usual accounts of the effects of such catastrophic geological 
agents as floods, hurricanes, volcanic explosions, and earthquakes. 

e@ Technical vocabulary kept to a minimum in line with the first objective of 
these texts: the simple, yet scientifically accurate, presentation of the origin of 
features. 

@ Stress on oil and ore finding in chapters on economic geology, rather than on 
distribution of these resources. 

e An excellent selection of photographs, charts, and half-tone drawings show- 
ing both subsurface and topographical features. 


Published 1948 Geology and Man, 518 pages 6” Xo” 
Physical Geology and Man, 414 pages 


Send for your copies today! 


PRENTICE-HALL, INC. 


70 FIFTH AVENUE NEW YORK 11, N.Y. 
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